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ABSTRACT 
Microbialites were the dominant life-form of most shallow oceans during the Precambrian. These 
structures are formed by the deposition of calcium carbonate by cyanobacteria as well as the binding and 
trapping of sediment by these and other microalgae. In modern environments they are scarce due to several 
factors, including grazing pressures by metazoans, altered calcium carbonate saturation states of seawater 
and competition with macroalgae. The recent discovery of an extensive network of actively accreting 
layered microbialites (stromatolites) along the South African coastline is potentially informative from this 
perspective. These stromatolites form within the peritidal zone, at the interface of groundwater seepage 
and periodic marine incursion, forming pools trapped by the accreting fabric. The aim of this thesis was to 
characterise the ecosystem dynamics of a representative selection of the South African locations. During a 
comprehensive monthly assessment over an annual cycle, as well as for additional seasonal collections, 
physico-chemical measurements were monitored together with biological components such as benthic and 
pelagic microalgae as well as the invertebrate fauna inhabiting the stromatolite pools. These components 
were then assessed in terms of the potential physical and biological drivers which might explain patterns of 
variability. Finally, to link all of the ecosystem components, a food-web analysis was conducted, to 
determine the trophic linkages and, importantly, the reliance by the various consumer organisms on the 
stromatolite material as a food resource. 
Results show that the stromatolite pools are driven by a regular interplay between freshwater and marine 
salinity states, this being determined by tidal amplitude and ocean storm cycles. Furthermore, marine 
incursion represents the primary source of phosphorus for the stromatolite pools, while available nitrogen 
is consistently provided by the freshwater inlet stream at each site. This results in an optimum zone of 
primary biomass within the main stromatolite pool supported by nutrient conditions, while the shifts in 
salinity state occurring over a weekly tidal schedule likely exclude organisms and macrophytes that are not 
halotolerant. This is reflected in the benthic microalgae that form the stromatolite accretions in that they 
are primarily driven by salinity conditions, in addition to seasonal patterns. Interestingly, the variable 
nutrient conditions, both between sites and temporally, did not contribute as an important driver of the 
benthic microalgae but did significantly relate to the pelagic microalgae (phytoplankton). This, together 
with the higher biomass of benthic microalgae compared to its pelagic counterpart, suggests that the 
stromatolite pools are a benthic-driven system. The short duration of water retention within the 
stromatolite pools as a result of the constant freshwater inflow, likely also precludes nutrient build-up and 
favours the benthic, sessile ecosystem component, especially the stromatolite-forming microalgae. 
In terms of the metazoan infauna, the South African stromatolite pools support a persistent assemblage. 
This might be surprising given the apparently destructive influence of grazing and burrowing animals on 
microbial mats in terms of restricting the formation of layered accretions. However, metazoans that burrow 
within the stromatolite fabric were observed to coexist with clear, layered accretions. This supports the 
observations in some other modern microbialite habitats to suggest that metazoan disruption is clearly not 
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the only or primary factor responsible for modern microbialite scarcity. When assessing the possible 
drivers of the metazoan community occupying the stromatolite matrix, both salinity patterns and resource 
conditions in terms of nutrient supply and macroalgal cover were consistently best related to infaunal 
abundance and presence/absence. This further demonstrates the role of salinity conditions in terms of 
providing a habitat that is restrictive to most metazoan organisms, while also suggesting that the metazoans 
are responding to macroalgal rather than the stromatolite microalgal conditions. To further develop this 
observation, the results from the stable isotope work clearly reflect a dominance of pool macroalgae in the 
diets of invertebrate consumers, with little to no stromatolite material consumed. This suggests that there is 
limited apparent destructive grazing influence by the metazoans on the stromatolite matrix, in addition to 
the burrowing bioturbation mentioned previously. Furthermore, the metazoan grazers may be indirectly 
benefitting the stromatolites by restricting macroalgal biomass, which might otherwise outcompete its 
microalgal counterpart. 
This study provides a valuable understanding of benthic-driven peritidal stromatolite ecosystems, and also, 
from a geological perspective of past stromatolite habitats, suggests some of the mechanisms as to why 
metazoans may be able to coexist with layered microbialites. Given the threats to similar habitats globally, 
especially in terms of water resources, management measures necessary to ensure stromatolite persistence 
in modern environments such as these are proposed. The possible ecological role of peritidal stromatolite 
habitats within the broader environment, as well as recommendations for future work, is also 
contextualised. 
 
Keywords: bioturbation, cyanobacteria, environmental drivers, extant microbialites, food-web, metazoans, 
microphytobenthos, stable isotope analysis, salinity fluctuations, temporarily open-closed estuary 
  
 GM RISHWORTH  vii 
LIST OF FIGURES 
Chapter 1 ........................................................................................................................................................ 8 
Fig. 1.1 Stromatolite accretion photograph and the three sampling sites ...................................................... 11 
Fig. 1.2 Ambient temperature, rainfall, tidal amplitude and ocean swell height near Port Elizabeth ............ 13 
Fig. 1.3 Water temperature and salinity at the three stromatolite barrage pools ........................................... 15 
Fig. 1.4 Dissolved inorganic nitrogen (DIN) at the three stromatolite sites .................................................. 17 
Fig. 1.5 Dissolved inorganic phosphorus (DIP) at the three stromatolite sites .............................................. 18 
Chapter 2 ...................................................................................................................................................... 25 
Fig. 2.1 Chlorophyll-a of benthic microalgae versus depth within the stromatolite substrate ...................... 30 
Fig. 2.2 Chlorophyll-a for benthic chlorophytes, cyanophytes and diatoms in three stromatolites ............... 32 
Chapter 3 ...................................................................................................................................................... 36 
Fig. 3.1 A principal components analysis (PCA) plot for all measured abiotic variables ............................. 41 
Fig. 3.2 Chlorophyll-a of pico-, nano- and microphytoplankton within the stromatolite pools .................... 43 
Fig. 3.3 Phytoplankton algal class composition within the stromatolite pools .............................................. 46 
Fig. 3.4 Microphytobenthic to vertically-integrated chlorophyll-a ratios for the stromatolite pools ............ 47 
Chapter 4 ...................................................................................................................................................... 52 
Fig. 4.1 Microstructure and metazoan activity within living South African stromatolites ............................ 55 
Chapter 5 ...................................................................................................................................................... 59 
Fig. 5.1 Examples of macrofauna encountered within the South African stromatolites ................................ 65 
Fig. 5.2 Abundance of stromatolite macrofaunal species in relation to DIN ................................................. 69 
Fig. 5.3 Temporal trends of total macrofaunal abundance within the stromatolite pools .............................. 73 
Fig. 5.4 Macrofaunal abundance compared to macroalgal cover and species richness compared to DIN .... 73 
Chapter 6 ...................................................................................................................................................... 83 
Fig. 6.1 Carbon and nitrogen stable isotope biplot of stromatolite ecosystem components .......................... 91 
Fig. 6.2 Frequency histogram of the δ
13
C signatures of malacostracans and polychaetes............................. 94 
Fig. 6.3 Proportion of organic matter sources in primary consumer diets ..................................................... 95 
Fig. S6.1 Linear relationships between acidified and non-acidified malacostracan samples ...................... 100 
  
 GM RISHWORTH  viii 
LIST OF TABLES 
Chapter 1 ........................................................................................................................................................ 8 
Table 1.1 Summary statistics for select physico-chemical variables from all stromatolite pools .................. 11 
Table 1.2 Linear mixed-effects models of water temperature and salinity .................................................... 14 
Table 1.3 Durations under which the main pool at each site experienced different salinity states ................ 16 
Table 1.4 Linear model of dissolved inorganic nitrogen (DIN) and phosphorus (DIP)................................. 19 
Chapter 2 ...................................................................................................................................................... 25 
Table 2.1 Physical and chemical parameters recorded at monthly intervals during 2014 ............................. 29 
Table 2.2 Generalised linear model of benthic algal classes at the three stromatolite sites ........................... 31 
Chapter 3 ...................................................................................................................................................... 36 
Table 3.1 Monthly pool depths at each stromatolite sampling location......................................................... 41 
Table 3.2 Light attenuation coefficient for each stromatolite pool during 2014 ............................................ 42 
Table 3.3 Meteorological parameters recorded near Port Elizabeth, South Africa ........................................ 42 
Table 3.4 Generalised linear model of phytoplankton size classes ................................................................ 44 
Table 3.5 Generalised linear model of phytoplankton class proportional contribution ................................. 45 
Chapter 4 ...................................................................................................................................................... 52 
Table 4.1 Metazoans encountered within stromatolites along the South African coast ................................. 56 
Table 4.2 Metazoans coexisting with extant microbialites ............................................................................ 57 
Chapter 5 ...................................................................................................................................................... 59 
Table 5.1 Summary of all benthic macrofauna identified at three stromatolite locations .............................. 66 
Table 5.2 Multivariate generalised linear models for macrofaunal abundance and presence-absence .......... 68 
Table 5.3 Taxon-specific generalised linear modelling output for species abundance .................................. 70 
Table 5.4 Taxon-specific generalised linear modelling output for species presence-absence ....................... 71 
Table 5.5 Generalised least squares models for macrofauna species richness and overall abundance .......... 72 
Table S5.1 Extension of Table 5.3, including all taxa ................................................................................... 79 
Table S5.2 Extension of Table 5.4, including all taxa ................................................................................... 81 
Chapter 6 ...................................................................................................................................................... 83 
Table 6.1 Physico-chemical properties of pool water during August 2015 ................................................... 90 
Table 6.2 Bayesian isotope niche metrics for stromatolite pool trophic guilds ............................................. 92 
Table 6.3 Mean and generalised least squares analysis of δ
13
C of pool organic matter ................................ 93 
Table S6.1 Relative dietary source proportional contributions for stromatolite consumer groups .............. 101 
 
COMMUNITY STRUCTURE AND TROPHIC RELATIONS OF EASTERN CAPE STROMATOLITES 
 
GM RISHWORTH  ix 
ACKNOWLEDGMENTS 
I would like to thank my supervisor, Prof. Renzo Perissinotto, Nelson Mandela Metropolitan University 
(NMMU), for his assistance, guidance and encouragement during my thesis. In science, he taught me the 
value of gracious perseverance in the face of resistance to my research, and in life, he showed me how 
passion for one’s work is the cornerstone of success and contentment. This project was solely funded 
through his research grant from the Department of Science and Technology (DST) and the National 
Research Foundation (NRF), under the DST-NRF South African Research Chairs Initiative (SARChI), in 
his capacity as a SARChI Chair in Shallow Water Ecosystems (Grant UID: 84375). Prof. Perissinotto is 
also thanked for providing a SARChI grantholder-linked bursary to me during the first and second years of 
my PhD studies. I would also like to thank my co-supervisor, Dr. Matthew Bird, NMMU, for his help and 
positivity, and especially for his input into the macrofaunal aspects of my project – thank you for teaching 
me the value of a calm and relaxed attitude. I am grateful to the NRF (Innovation Doctoral Scholarship, 
Grant UID: 102248; third year) and the NMMU (Postgraduate Research Scholarships; second and third 
years) for the personal funding that they awarded to me. The NMMU is also thanked for providing the 
facilities and office space used during my PhD studies. Furthermore, I acknowledge that the opinions 
expressed and conclusions arrived at in this thesis are my own, and are not necessarily to be attributed to 
the NRF or NMMU. 
I am grateful to the numerous individuals who assisted and advised me during my field- and laboratory-
work. These included my two supervisors, as well as Lynette Clennell, Nasreen Peer, Jacqueline Raw, 
Nelson Miranda, Daniel Lemley, Sean van Elden, Sandrini Moodley, and Cuen Muller, amongst others. 
This thesis would not have been possible if not for their help. During the challenging task of identifying 
organisms from a wide variety of taxa, several international taxonomic experts graciously assisted me by 
either personally working through specimens sent to them, or providing advice on photographs of these. 
For this, I am thankful to Carol Simon, Charles Griffiths, Torkild Bakken, Lucio Bonato, Nelson Miranda, 
Magdalena BŁażewicz-Paszkowycz, Christer Erseus, David Marshall, and Joanna Mąkol. I am also 
appreciative of the time and expertise offered to me by Thomas Bornman, Daniel Lemley, Paul-Pierre 
Steyn and Nadine Strydom who assisted with key aspects of my thesis chapters and helped develop their 
depth and relevance. Thank you to Dr. Derek du Preez, Prof. Eileen Campbell, Tessa Penrith and Imtiaz 
Khan for their logistical and friendly support at NMMU. The South African Environmental Observation 
Network (Thomas Bornman – temperature and salinity), the South African Naval Hydrographic Office 
(relative sea-level) and the South African Weather Service (climate) are thanked for providing some of the 
data used in Chapter 1 and 3 of this thesis. I am also grateful to Mike Butler from iThemba Laboratories 
for coordinating the processing of my prepared samples for stable isotope analysis. 
This thesis is dedicated to all of my family who have provided such wonderful support during my PhD, 
especially my wife, parents, in-laws, brother and aunt. Liza, my wife, cannot be thanked enough for her 
unfailing love and encouragement, for motivating me to leave the corporate world and start a PhD, and for 
always supporting my passion for research. I would not be where I am, enjoying life so much (especially 
with her Great Dane, Gimli and Sun Conure, Ra), if it were not for you by my side.  
COMMUNITY STRUCTURE AND TROPHIC RELATIONS OF EASTERN CAPE STROMATOLITES 
 
GM RISHWORTH  x 
 
 
 
“This zone  
where waves give up their energy  
and where systematic water motions  
give way to violent turbulence  
is the surf.  
It is the most exciting part of the ocean.” 
 
Willard Bascom –  
Waves and Beaches 
 
 
 
As a coastal scientist and a surfer, I thank the waves too. 
  
GM RISHWORTH  1 
GENERAL INTRODUCTION 
Stromatolites: past and present 
Shallow marine waters of the Precambrian were a dramatically different environment compared to those 
recognisable today (Bottjer et al. 2000; Buatois et al. 2014). Apart from the distinctive role that the anoxic 
atmosphere played in terms of governing metabolic and chemical processes (Canfield 2005; Knoll et al. 
2016), the dominant biota were of a microbial origin, with extensive mats of these covering most aquatic 
substrates (Seilacher 1999). Although microbial organisms are not frequently part of the conventional 
fossil record because of obstacles related to their mineralisation potential, they comprise the dominant 
proportion of life’s evolutionary history (Knoll et al. 2016). Rather than through direct preservation of 
these organisms, there is substantial evidence for their existence in terms of deposited mineral structures or 
altered local isotopic and geochemical signatures (Grotzinger & Knoll 1999; Bosak et al. 2013). During 
their metabolism and growth, microbial organisms tended to precipitate calcium carbonate, which was 
abundant in Precambrian oceans (Grotzinger 1990), and trap and bind sediment in layered formations 
(Riding 2000).  
These layered deposits are recognised within the fossil record as stromatolites, originally identified by 
Kalkowsky (1908) as “stromatoliths”, meaning “layered stone”. They are principally layered 
“organosedimentary deposits” or “microbialites” which are constructed during biologically-mediated 
processes of benthic microbial organisms (sensu Burne & Moore 1987). Inorganic calcium carbonate is 
typically precipitated during this process as a by-product during alkaline conditions, when this can bind to 
excess production of extracellular polymeric substances (Dupraz et al. 2009). Although there has been 
some contention regarding the biogenic origin of stromatolites rather than through abiotic sedimentary 
processes (Bosak et al. 2013), several defining features, including isotopic chemical profiles, have enabled 
geologists to confirm their biological nature (Riding 2006, 2011). These structures have since been 
recognised in the fossil record from as early as 3.45–3.7 Ga (Allwood et al. 2006; Nutman et al. 2016). 
Stromatolite diversity and abundance developed from this early point during life’s history and evolution, 
reaching a peak during the Mesoproterozoic of just under 400 recognisable stromatolite forms (Riding 
2006). This diversity included a range of microbially-induced deposits (microbialites) categorised 
according to lamination patterns (Riding 2000), including forms with a clotted matrix (thrombolites).  
Apart from their historical role as the foundational habitat for shallow aquatic ecosystems, stromatolites 
featured in several key events during life’s evolution. Perhaps the most significant of these was the 
contributing role of stromatolite-forming organisms, the cyanobacteria specifically, during the evolution of 
oxygenic photosynthesis (Des Marais 1991; Dismukes et al. 2001) and the consequent oxygenation of the 
earth’s biosphere (Knoll et al. 2016; Ward et al. 2016). This altered oxygen-rich state revolutionised the 
chemical processes that could occur (Canfield 2005) and, amongst other reasons, sparked the evolution of 
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diverse forms of multicellular life, beginning rapidly during the Cambrian, circa 540 Ma (Marshall 2006). 
Metabolic pathways evolved to be able to generate more energy during aerobic respiration, allowing for 
the evolution of animals with active lifestyles (Conway Morris 2000; Marshall 2006). This acceleration of 
metazoan activity consequently resulted in grazing and burrowing organisms that could bioturbate 
microbial mats, which changed the physical substrate in aquatic environments (Seilacher 1999; Bottjer et 
al. 2000). This observation has led several authors to suggest that the Cambrian evolution of metazoans 
explains the modern scarcity of stromatolites in extant ecosystems (Garrett 1970; Awramik 1971; Walter 
& Heys 1985; Riding 2006). Indeed, correlative evidence in the geological record links the rise and fall of 
the stromatolites to patterns of metazoan evolution and extinction (Mata & Bottjer 2012), although this 
relationship is not clear in all circumstances (Riding 2006). Other factors, such as lower calcium carbonate 
concentrations in modern marine waters (Grotzinger 1990) or limitations relating to nutrient availability 
(Elser et al. 2006), likely also contributed to the present rarity of stromatolites. An additional role played 
by stromatolites during life’s evolution also relates to their production of oxygen from a micro-habitat 
perspective. Organisms that could move between the oxygen-rich environment at the benthic-substrate 
interface produced by cyanobacteria and the food-rich waters beyond were at a competitive advantage over 
their sessile counterparts (Gingras et al. 2011). Stromatolites are therefore also hypothesised to have 
played a role in the evolution of mobile animal lifestyles in this respect. 
As suggested previously, modern stromatolites are rare but not absent. The environments in which they 
occur are usually extreme. For instance, the stromatolites in the Exuma Cays, Bahamas, growing in normal 
salinity waters, are exposed to regular patterns of inundation by sand due to strong, current-driven 
sediment transport processes (Eckman et al. 2008). The microalgae that form these stromatolites are 
resistant to the inundation disturbances, more so than their macroalgal counterparts or other competitive or 
destructive organisms, and therefore the stromatolites are able to persist (Bowlin et al. 2012). The 
stromatolites forming in Shark Bay, Western Australia, form in a coastal embayment in which the 
evaporation rates are high, thereby creating hypersaline conditions (Jahnert & Collins 2012). It is this 
hypersalinity that excludes other competitive organisms such as macroalgae, which are not halotolerant 
like the stromatolite-forming microalgae (Suosaari et al. 2016). Inland stromatolites also usually form 
under conditions unsuitable for most organisms (e.g. Lindsay et al. 2016; Pace et al. 2016). An exception 
to this has been observed in the Rio Mesquites, México. There, the freshwater is particularly rich in 
calcium carbonate, which sustains a rapid rate of oncolite (spherical stromatolite) growth that is greater 
than the grazing and bioerosion rate of metazoans living within this river (Garcia-Pichel et al. 2004; Elser 
et al. 2005). 
As the latter ecosystem above suggests, stromatolites and metazoans do occur together. This has also been 
demonstrated in some other modern microbialite habitats (Konishi et al. 2001; Tarhan et al. 2013; 
Edgcomb et al. 2014), although the faunal communities are not necessarily diverse or abundant. 
Nonetheless, these examples of coexistence suggest that the metazoan-microbialite exclusion hypothesis 
(Garrett 1970; Awramik 1971) is not an overarching theme for modern stromatolites, and therefore not 
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necessarily applicable to all past ecosystems (Riding 2006). Metazoan presence remains, however, a 
contributing factor towards explaining the Phanerozoic scarcity of stromatolites, as demonstrated in 
microalgal mats from shallow aquatic habitats that form layered deposits, resembling stromatolites, in the 
absence of grazing or burrowing pressures (Fenchel 1998; Elizabeth et al. 2011). 
Relating the observed biology and ecology of modern stromatolites to those of their ancient counterparts is 
an important comparison which assists in the understanding of these original ecosystems (Grotzinger & 
Knoll 1999; Smith et al. 2011; Bosak et al. 2013). For example, mineralisation processes observed in 
modern microbialites have demonstrated the key physical conditions which are necessary to allow for this 
biological activity (Reid et al. 2000; Dupraz et al. 2009; Riding 2012). From these observations, scientists 
can interpret the chemical signatures reflected in Precambrian stromatolite fossils (Riding 2011). However, 
modern stromatolites exhibit key differences compared to past ecosystems, not the least of which relates to 
the chemical environment (oxygen and calcium carbonate state, specifically; Grotzinger 1990; Knoll et al. 
2016) to which the two groups are or were exposed. For example, modern stromatolites reflect a much 
coarser laminated structure in general, due to the prominence of larger sediment grains, which have 
originated from metazoan activities (Riding 2000), as well as the role of other microalgal groups, such as 
diatoms, which are more efficient at trapping and binding sediment (Frantz et al. 2015). Modern 
stromatolites are therefore more-appropriately termed “partial analogues” (e.g. Riding 2011; Smith et al. 
2011) because of differences such as these. Nonetheless, extant stromatolites have provided substantial 
insight into the past (Riding 2011; Bosak et al. 2013), and have even been used in astrobiology as a tool 
for predicting the likely chemical conditions necessary for life to have evolved on other planets (Elser 
2003). 
Despite the supposed resilience of modern stromatolites to disturbances and harsh conditions (e.g. Bowlin 
et al. 2012), their persistence is not guaranteed. As such, several stromatolite ecosystems are formally 
protected. For example, it has been demonstrated that should nutrient conditions change (Elser et al. 2005; 
Forbes et al. 2010), water supply deteriorate (Suosaari et al. 2016) or salinity patterns shift (Lindsay et al. 
2016), some stromatolite ecosystems could be under threat in terms of competition and successional shifts 
by other organisms. It is therefore necessary to understand the processes driving stromatolite formation and 
perpetuity in modern microbialite ecosystems in order to manage their conservation, for they present a key 
piece of the puzzle towards understanding life’s evolution and origin. 
 
South African stromatolites 
Within the past decade and a half, actively accreting stromatolites have been discovered for the first time 
along the coast of South Africa within the Eastern Cape province (Smith & Uken 2003; Smith et al. 2005). 
These were originally found at Cape Morgan, but more recently have been observed along a 200 km 
stretch of coastline from Port Elizabeth to Storms River, with some 540 locations identified thus far 
(Perissinotto et al. 2014).  
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These stromatolites form at the interface of the ocean and groundwater seepage from coastal dunefields, on 
quartzitic wave-cut platforms interspersed with small aeolianite slopes (Smith et al. 2011; Perissinotto et 
al. 2014). They are classified as “tufa stromatolites” (sensu Riding 2000), because of the freshwater-origin 
of the calcium carbonate precipitate and extracellular cyanobacterial mineralisation processes that drive 
lamination (Pedley 1990; Smith et al. 2011). Before reaching the ocean, the inflowing freshwater is 
temporarily trapped in the peritidal zone by dam-like structures formed by the accreting stromatolites 
(Smith et al. 2011; Perissinotto et al. 2014) between rocky-shore boulders (Smith et al. 2005), known as 
“barrage pools” (Forbes et al. 2010). These pools support the majority of stromatolite accretion, while 
upstream and downstream minor deposits may form (Smith et al. 2011; Perissinotto et al. 2014). The 
inflowing water, rich in calcium carbonate (Smith et al. 2011), sustains growth of the stromatolites at a 
maximum observed rate of 2–5 mm per annum (Smith et al. 2005). Sequential layering is reflected as 
pioneer or climax microalgal communities, typical of the type 1 and type 2 layering, respectively, of 
stromatolites in general (Reid et al. 2000). This alternating layering pattern is thought to represent 
microalgal community shifts, driven by seasonal or stochastic disturbances (Reid et al. 2000; Bowlin et al. 
2012). Preliminary observations suggested that this community is comprised of cyanobacteria and 
chlorophytes, with a minimal contribution by diatoms (Perissinotto et al. 2014). Smith et al. (2005) 
hypothesised that a cyanobacteria-dominated community may be indicative of the pioneer, type 1 layer, 
while the climax, successional community is comprised of diatoms predominantly, when coastal storms are 
more prevalent. Microbial genera commonly found in other stromatolite ecosystems, including Lyngbya, 
Leptolyngbya, Plectonema and Schizothrix, have been recorded in the South African stromatolite 
accretions (Perissinotto et al. 2014), with much further work required to determine how this community 
varies between sites and different accretion morphologies. 
Marine incursion during storm events contributes towards a profile of vertical salinity stratification within 
the barrage pools (Smith et al. 2011; Perissinotto et al. 2014), and also has some influence on the 
stromatolite microalgae, although these details remain vague. In other comparable peritidal stromatolite 
ecosystems, of which there are only two examples known globally, these being in south-west Western 
Australia (Forbes et al. 2010) and at Giant’s Causeway in Northern Ireland (Cooper et al. 2013), ocean-
driven salinity forces also seem important. These salinity variations have been observed to promote 
fluctuations amongst the cyanobacteria, diatom and chlorophyte communities (Forbes et al. 2010) as well 
as possibly contribute towards creating a zone of optimum stromatolite accretion at the interface with 
groundwater seepage (Cooper et al. 2013). However, these processes in other global stromatolites, as well 
as those in South Africa, have not been thoroughly explored or understood.  
In terms of a comparison to past stromatolite ecosystems, the South African tufa stromatolites appear 
similar to some of the oldest known fossilised examples, those of the 3.45 Ga Strelley Pool in the Pilbara 
Craton, Australia (Smith et al. 2011). Both are found on rocky coastal boulders covered by domical 
stromatolites forming in the peritidal region (Allwood et al. 2006; Smith et al. 2011). These comparisons 
suggest an important partial analogous role for the South African stromatolites in terms of understanding 
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the processes driving these early ecosystems. A further interesting feature of these newly-discovered 
stromatolites is the preliminary observation that they support several metazoan taxa (Perissinotto et al. 
2014). This therefore presents a unique opportunity to assess the dynamics driving this coexistence in 
terms of the metazoan-microbialite exclusion hypothesis (Garrett 1970; Awramik 1971; Mata & Bottjer 
2012). 
Threats to the conservation of the coastal tufa stromatolite deposits of Western Australia have been 
identified based upon ecological water requirements (EWRs), which includes the provision of suitable 
carbonate concentrations (Forbes et al. 2010). Together with threats related to increased nutrient input that 
might enable other algal or macrophyte groups to outcompete the stromatolite-forming microalgae, the 
EWRs provide a management tool for the protection of these vulnerable ecosystems facing groundwater 
abstraction from agricultural and commercial industries (Forbes et al. 2010). Additionally, threats posed by 
residential encroachment, alien vegetation and industrial development, may further place the coastal 
stromatolites at risk (Perissinotto et al. 2014). This highlights the need to understand the processes 
sustaining peritidal stromatolite formation, especially given their uniqueness and rarity, as well as from an 
evolutionary perspective in terms of being potential partial analogues of Archaean stromatolites. 
 
Rationale of this study 
The recent discovery of regular formations of tufa stromatolite pools along the Eastern Cape coastline of 
South Africa is both extraordinary and unique. These ecosystems are largely different from other coastal, 
peritidal stromatolite formations known globally (Northern Ireland and Western Australia) in that they are 
extensive (some pools covering >10 m
2
) and are regularly inundated by both marine and fresh water. 
Eastern Cape stromatolite pools also appear to support a prevalent metazoan community within this 
estuarine-like habitat (Perissinotto et al. 2014), uncharacteristic for stromatolites in general (Garrett 1970; 
Walter & Heys 1985), with few documented cases of such co-existence (Garcia-Pichel et al. 2004; Tarhan 
et al. 2013). This provides an interesting case-study for further investigation into the metazoan-
microbialite exclusion hypothesis from an evolutionary perspective, considering the potential beneficial 
role offered by microbialites to metazoans (Gingras et al. 2011). Furthermore, extant stromatolites are 
interesting from an evolutionary perspective because of their hypothesised role during the formation of 
modern hydrospheric conditions (Des Marais 1991; Canfield 2005). The extensive array of tufa 
stromatolite pools in the Eastern Cape therefore presents itself as an interesting habitat in which to study 
the trophic interactions within this specialised micro-ecosystem, comparatively assess its uniqueness 
globally as well as provide a model for stromatolite formation from an evolutionary context in terms of 
atmospheric engineers and possible facilitators of metazoan evolution. 
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Aims, objectives and research questions 
The primary aim of this thesis is to assess the community composition and associated trophic relationships 
of the unique tufa stromatolite ecosystems along the Eastern Cape coast of South Africa. A secondary aim 
is to characterise ecosystem functioning in terms of temporal changes in physico-chemistry and 
stromatolite formation by benthic microalgae.  
As such, the two overarching objectives are: 
1. To quantify community structure, and the drivers thereof, within Eastern Cape tufa stromatolite pools. 
2. To determine the trophic interactions within Eastern Cape tufa stromatolite pools in terms of 
stromatolite-forming microalgal relationships with metazoans and macroalgae. 
The following specific research questions are proposed in order to address the two themes outlined above: 
1. What are the underlying physico-chemical drivers of the tufa stromatolite pools?  
2. How do the benthic microalgae, which construct the stromatolites, change over time in terms of 
composition and biomass and what drives these changes?  
3. How do the primary producer components (phytoplankton, macroalgae and benthic microalgae) 
interact with each other and contribute towards stromatolite productivity?  
4. What are the physical and biological drivers of the infaunal metazoan community?  
5. How are the trophic levels interacting with one another?  
 
Thesis outline 
Following on from the General Introduction outlined above, the remainder of this thesis is structured as 
separate chapters to address each of the specific research questions. These have been presented in a format 
that is suitable for submission to peer-reviewed journals and as such there is some inevitable overlap and 
cross-referral between sections. All data chapters have either been through full peer review and are now 
published or in press, or are currently in the process of peer review. The present status of all submitted 
articles is indicated at the start of each chapter, with those published or in press appearing in this thesis as a 
verbatim copy of the journal article version (apart from adapted figure and table numbering or placement, 
and some revised species names). Furthermore, the ordering of the chapters in this thesis follows the flow 
and development of the research questions presented above, rather than their publication history, 
necessarily. 
The thesis begins in Chapter 1 with a description of the physico-chemical drivers of representative South 
African stromatolite locations, in terms of temperature, salinity and nutrient dynamics. These were 
assessed using automated in situ data loggers for temperature and salinity over a year-long period, as well 
as monthly and seasonal nutrient collections from the stromatolite pools, inlet seepage and the adjacent 
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ocean. Physico-chemical data were then related to local environmental and meteorological parameters. 
This chapter also serves to introduce the study site for all chapters that follow. 
In Chapter 2 the benthic microalgae that construct the stromatolite formations are assessed, using spectral 
fluorescence tools to measure community composition and also recording a proxy for biomass. These data 
are then related to key physico-chemical and nutrient parameters to determine the drivers and dynamics of 
this important community which drives the stromatolite ecosystems. 
In Chapter 3 the microalgal group which often competes with its benthic counterpart, the phytoplankton, 
is investigated. This is achieved by assessing the interactions between these two microalgal communities, 
as well as gauging the relative driving forces of the phytoplankton from freshwater and marine sources. 
Chapter 4 serves as an introduction to the faunal community associated with the stromatolite pools and 
forms a preamble to the remaining two data chapters. It highlights the interesting observation of a 
coexisting metazoan community with living, accreting stromatolites in South Africa, and reviews 
microbialites from other regions that exhibit a similar metazoan-microbialite association. 
In Chapter 5 the drivers of the benthic infaunal community are determined from monthly assessments of 
the organisms directly associated with the stromatolite matrix. This is achieved by relating measures of 
infaunal abundance and presence/absence to potential physical and resource drivers, aiming to determine 
some of the factors that might explain why the metazoans are able to occupy the stromatolite ecosystems 
without an apparent destructive influence, which would otherwise be predicted. 
Chapter 6 assesses the trophic relationships between the producer and consumer components of the 
stromatolite communities using a stable isotope, food-web tracer approach. The key aim from this chapter 
is to determine whether the faunal grazers might be relying on the stromatolite material as a food resource. 
This would indicate a potential grazing impact by coexisting metazoans on the stromatolite microalgae. 
Finally, the results from this thesis are collated in a Conclusion and Synthesis chapter, which highlights 
how the findings presented have advanced the understanding of the dynamics and functioning of these 
unique stromatolite ecosystems. Suggestions for future studies are also provided and current knowledge 
gaps, which would need to be filled in order to manage the potential threats and pressures that face these 
ecosystems, are addressed. 
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CHAPTER 1 
PERITIDAL STROMATOLITES AT THE CONVERGENCE OF GROUNDWATER SEEPAGE 
AND MARINE INCURSION: PATTERNS OF SALINITY, TEMPERATURE AND NUTRIENT 
VARIABILITY 
------------------------------------------- 
Submitted and published: Rishworth, GM, Perissinotto, R, Bornman, TG, & Lemley, DA. 2017. Peritidal 
stromatolites at the convergence of groundwater seepage and marine incursion: patterns of salinity, 
temperature and nutrient variability. Journal of Marine Systems 167: 68-77 
------------------------------------------- 
Living peritidal stromatolites forming at the interface of coastal groundwater seepage and regular marine 
input are known from only a few locations globally, including South Africa, Western Australia and 
Northern Ireland. In contrast to modern stromatolites from exclusively fresh or marine waters, which 
persist due to high calcium carbonate saturation states or hypersaline and erosive conditions (which 
exclude organisms that might disrupt or outcompete the stromatolite-forming benthic microalgae), the 
factors supporting stromatolite formation at peritidal locations have not been well-documented. Therefore, 
the aim of this study was to investigate the fine-scale physico-chemical parameters in terms of pool 
temperature, salinity and nutrient dynamics at three representative sites along the coastline near Port 
Elizabeth, South Africa. These parameters were assessed with reference to potential physical, 
meteorological and ocean drivers using a linear or linear mixed-effects modelling approach. Results 
demonstrate that nutrient inputs into the pools supporting the majority of stromatolite accretion (barrage 
pools) are driven by groundwater seepage site-specific properties related to anthropogenic occupation 
(dissolved inorganic nitrogen; DIN) as well as marine water incursion (dissolved inorganic phosphorus; 
DIP). Pool temperature is a function of seasonal ambient variability while salinity reflects regular state 
shifts from fresh to marine conditions, which are related to tidal amplitude and swell height. The regular 
marine incursions likely promote benthic primary biomass in the phosphorus-limited stromatolite pools, as 
well as preclude organisms which might otherwise outcompete or disrupt the stromatolite microalgae due 
to intolerances to extreme (~ 1.5 to ≥ 30) salinity variability. 
1.1. Introduction 
Stromatolites (layered microbialites) are microbial structures (Riding 2000, 2011) formed by the laminated 
deposition of calcium carbonate (Reid et al. 2000; Dupraz et al. 2009) and the trapping of sedimentary 
matter (Frantz et al. 2015) during metabolic processes and growth of microalgae. Microbialites once 
thrived in Precambrian coastal oceans (Riding 2006) but are now scarce because of reduced calcium 
carbonate saturation in modern marine waters (Grotzinger 1990) and competition, grazing and bioturbation 
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pressures exerted by eukaryotic algae and metazoans (Riding 2011; Mata & Bottjer 2012; Bernhard et al. 
2013). Although different in some respects, the few modern stromatolites occurring in marine or coastal 
waters are considered valuable analogues for their ancient counterparts (Smith et al. 2011), which 
contributed towards important evolutionary events including the oxygenation of the atmosphere (Des 
Marais 1991; Dismukes et al. 2001; Ward et al. 2016) and the emergence of metazoan dominance 
(Marshall 2006; Mata & Bottjer 2012). In light of this, the recent discovery within the past decade of an 
extensive network of stromatolites along the South African coastline (Smith & Uken 2003; Smith et al. 
2005; Perissinotto et al. 2014) is potentially illuminating. 
South African stromatolites were first discovered in the early 2000s at Cape Morgan (Smith & Uken 2003; 
Smith et al. 2005). More recently, a far greater network of approximately 540 sites were discovered along 
a 200 km stretch of coastline from Port Elizabeth to Storms River (Perissinotto et al. 2014). These are 
formed exclusively on rocky shores at the interface of groundwater springs or seepage points and the 
ocean, within the upper intertidal to lower supratidal zone. Predominantly cyanobacteria and diatoms 
comprise the microalgal community (Rishworth et al. 2016c), which construct laminated stromatolites, 
including rimstone dam formations (sensu Forbes et al. 2010). Importantly, these dam-like structures act 
towards retaining the inflowing groundwater (Perissinotto et al. 2014), thereby creating alkaline and 
carbonate-rich conditions which enable calcification during metabolic processes, specifically microbially-
induced mineralisation, by cyanobacteria (Reid et al. 2000; Dupraz et al. 2009). Although there are few 
other marginal examples of inter- to supratidal stromatolites elsewhere globally (Forbes et al. 2010; 
Cooper et al. 2013), the South African examples are by far the most concentrated and extensive. 
At the interface of constant groundwater seepage and tidal or storm-induced marine water inundation, 
these unique peritidal stromatolite systems experience variable pressures, similar to those common to the 
intertidal zone and estuaries, which are related to nutrient, temperature and salinity gradients (Perissinotto 
et al. 2014; Rishworth et al. 2016c). Not only is the inflowing groundwater from unconfined dunefield 
aquifers an important source of calcium carbonate for the stromatolite-forming cyanobacteria (Smith et al. 
2005; Smith et al. 2011), but groundwater is well-established as a source of nitrates for coastal and 
estuarine ecosystems (Johannes 1980), albeit also a conduit for eutrophication impacts (Slomp & Van 
Cappellen 2004). Some coastal species, for example the surf-zone specialist diatom, Anaulus australis, 
depend upon submarine groundwater discharge for their nitrogen requirements (Campbell & Bate 1998). 
Furthermore, groundwater inflow has an influence on biotic distribution patterns in aquatic habitats 
because of its salinity and thermal buffering forces (Dale & Miller 2007). As an example, lugworms 
(Arenicola marina) are dominant on sandy tidal flats in the European Wedden Sea but are absent from 
seepage points where the salinity is reduced and nereidid polychaetes (Nereis spp.), prevalent under 
estuarine conditions, are abundant (Zipperle & Reise 2005). The thermal and salinity interactions created 
by the inflowing freshwater and marine overtopping events are also an important driver of community 
change within the benthic stromatolite microalgal community (Rishworth et al. 2016c). 
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Due to the limited understanding and rarity of coastal, intertidal stromatolites globally (Smith et al. 2011), 
the South African sites occurring at areas of supratidal groundwater discharge are therefore potentially 
informative, in addition to the role that these systems likely play in terms of structuring or facilitating 
biological coastal communities (Burnett et al. 2001). While all accounts suggest that these coastal 
stromatolite systems form due to the unique interaction of inflowing groundwater seepage and seawater 
inundation (Cooper et al. 2013; Perissinotto et al. 2014; Rishworth et al. 2016c), there have been no 
studies thus far to document or understand the fine-scale physico-chemical dynamics or the drivers thereof. 
As such, the aim of this study was to characterise and identify the drivers of salinity, temperature and 
nutrients, all of which are important in terms of stromatolite microalgal dynamics (Rishworth et al. 2016c), 
with reference to how these may typically influence community organisation. We hypothesise that: (1) 
nutrient dynamics will be driven by differences between anthropogenic loads at the sampling locations 
(Perissinotto et al. 2014) and known source-specific nutrient variability in terms of dissolved inorganic 
nitrogen (DIN) and phosphorus (DIP) between fresh- and marine-water (Johannes 1980; Gobler et al. 
2005); and (2) temperature and salinity variability will primarily be a function of seasonal geographical 
thermal properties and the regular marine influence which has been hypothesised to be an important factor 
towards ensuring stromatolite persistence at these pools (Perissinotto et al. 2014; Rishworth et al. 2016c). 
1.2. Materials and Methods 
1.2.1. Study site 
Three representative sites along the coastline near Port Elizabeth, South Africa (Fig. 1.1), which support 
active stromatolite accretion were selected for this study (Perissinotto et al. 2014; Rishworth et al. 2016c). 
These occur along a gradient of low (Cape Recife, site A; 34°02’42.13’S, 25°34’07.50’’E), moderate 
(Schoenmakerskop, site B; 34°02’28.23’’S, 25°32’18.60’’E) and high (Seaview, site C; 34°01’03.16’’S, 
25°21’56.48’’E) anthropogenic influence and habitation: there is no residential village directly associated 
with site A, whereas the coastal villages of Schoenmakerskop (~13.5 ha) and Seaview (~67.5 ha), with its 
associated informal settlement (~3.6 ha), are located within 1.5 km landwards of sites B and C, 
respectively. Each site is characterised by three distinct zones of stromatolite growth (Fig. 1.1), separated 
by rimstone dam formations (Forbes et al. 2010). Upper, landward pools receive continuous freshwater 
inflow from groundwater seepage. The middle, main, or ‘barrage’ stromatolite pools (Forbes et al. 2010) 
experience the maximum levels of stromatolite growth. The lower, seaward pools are largely under marine 
influence. Both the upper and lower pools experience minimal stromatolite accretion compared to the 
barrage pool (Fig. 1.1). Annual flow of freshwater from upper pools and marine inundation during storms 
or spring high tides from lower pools maintain connectivity and pool depth (Table 1.1), between the three 
zones (Perissinotto et al. 2014; Rishworth et al. 2016c). 
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Figure 1.1 Stromatolite accretion surrounding the barrage pool (BP) at Seaview (site C), growing at the 
interface of the ocean (adjoining the lower pool at high tide; LP) and groundwater seepage (discharging into the 
upper pool; UP). The three stromatolite sampling sites (A, B and C) are indicated on the map, in addition to 
some of the locations of the known 540 stromatolite seepage points along the southern South African coastline 
(black dots); adapted from Perissinotto et al. (2014 ). Photograph: Lynette Clennell  
Coastal waters adjacent to the sampling locations are exposed to the southward-flowing warm Agulhas 
Current (sea surface temperature ranging between 22 and 26 °C; Schumann et al. 1995) which restricts 
local sea surface temperatures to between 10 °C and 25 °C depending on upwelling conditions (Goschen & 
Schumann 1995; Goschen et al. 2012). High-energy, prevailing south-westerly ocean swells frequent the 
coastline which is exposed to microtidal (2.0 m), diurnal tidal fluctuations (Goschen et al. 2012). Local 
meteorological conditions are typically warm-temperate with the geographical position between winter and 
summer rainfall regions in the west and east respectively reflected by an unseasonal, year-long rainfall 
pattern (Schulze 1984).  
 
Table 1.1 Summary statistics for select physico-chemical variables measured within all pool regions (lower, 
seaward; main, barrage; and upper, landward) at the three study sites along the South African coastline during 
monthly sampling in 2014. DIN: dissolved inorganic nitrogen; DIP: dissolved inorganic phosphorus; ORP: 
oxidation-reduction potential. Apart from barrage pool depth and ORP, data presented are adapted from 
Rishworth et al. (2016c). Data are shown as mean ± SD (minimum – maximum value in parentheses). 
Site 
Barrage pool 
depth (m) 
Temperature 
(°C) Salinity DIN (µM) DIP (µM) pH 
Dissolved 
oxygen 
(mg/l) 
ORP  
(mV) 
A 
0.50 ± 0.03 
(0.45 - 0.53) 
18.5 ± 1.2 
(16.0 - 20.5) 
4.2 ± 8.0 
(1.4 - 33.0) 
76.6 ± 19.4 
(40.2 - 108.5) 
0.04 ± 0.08 
(0.00 - 0.28) 
7.9 
(7.3 - 9.4) 
7.9 ± 2.2 
(3.2 - 14.6) 
549.5 ± 95.4 
(269.6 - 621.3) 
B 
0.35 ± 0.06 
(0.20 - 0.40) 
19.4 ± 3.7 
(11.2 - 28.8) 
10.7 ± 12.0 
(0.7 - 32.9) 
291.3 ± 118.5 
(114.8 - 583.7) 
0.02 ± 0.04 
(0.00 - 0.17) 
8.3 
(7.0 - 9.0) 
9.4 ± 3.8 
(0.9 - 15.5) 
546.9 ± 88.2 
(265.9 - 615.7) 
C 
0.60 ± 0.14 
(0.21 - 0.70) 
21.0 ± 3.7 
(14.4 - 31.8) 
13.3 ± 12.7 
(1.3 - 33.4) 
431.6 ± 210.6 
(72.5 - 846.2) 
0.45 ± 0.40 
(0.00 - 1.27) 
8.4 
(7.5 - 9.3) 
12.2 ± 7.5 
(1.2 - 37.0) 
578.6 ± 59.3 
(332.2 - 627.4) 
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1.2.2. Data collection 
From 1 January to 31 December 2014, small conductivity/temperature data loggers (Starmon Mini, 
Reykjavik, Iceland) were deployed in each of the main barrage pools to continuously (hourly) monitor 
temperature and salinity. These were secured inconspicuously at the bottom of each pool. Data were 
downloaded at 3-month intervals. In conjunction to these data, the following meteorological and ocean 
parameters were also obtained from monitoring stations around Port Elizabeth. Hourly ambient 
temperature and rainfall data were sourced from the South African Weather Service (SAWS). Ocean swell 
height data recorded at 3-hour intervals in close proximity to the sampling sites were provided by the 
South African Environmental Observation Network (SAEON). Measurements of sea-level above chart 
datum as a reflection of tidal amplitude were obtained for the port of Port Elizabeth from the South African 
Navy Hydrographic Office (SANHO). 
In conjunction with monthly monitoring events of the three stromatolite pools during spring-low tidal 
states (January to December 2014; Rishworth et al. 2016c), as well as during separate seasonal collections 
(20 April 2015, 2 June 2015, 23 and 25 August 2015 and 23 February 2016), 250 ml aliquots of water were 
collected from all pools at each of the three sites (2014 collections) as well as from the main barrage pool, 
inlet seepage source and the ocean (2015-2016 seasonal collections). This water was filtered through 
Whatman© glass-fibre filters (GF/F) and nutrient concentrations in terms of dissolved inorganic nitrogen 
(DIN) and dissolved inorganic phosphorus (DIP) calculated using standard spectrophotometric methods 
(ammonium, NH4
+
 and soluble reactive phosphorus, PO4
3-
) (Parsons et al. 1984) and the reduced copper 
cadmium method (nitrates, NO3
-
 and nitrites, NO2
-
) (Bate & Heelas 1975). During all nutrient collections, 
basic water physico-chemical measurements (including pool salinity, pH, dissolved oxygen and oxidation-
reduction potential [ORP]) were recorded using a YSI 6600-V2 multiprobe system (YSI, Yellow Springs, 
OH, USA), the results of these being outlined in Rishworth et al. (2016c). 
1.2.3. Data analysis 
All data were analysed in R (R Core Team 2016) using the following analysis packages: ‘stats’, ‘lme4’, 
‘lmerTest’ and ‘MuMIn’ (Kuznetsova et al. 2012; Barton 2013; Bates et al. 2013). Nutrient variability was 
modelled separately for DIN and DIP for the continuous series of monthly samples recorded from within 
the three main barrage pools from January to December 2014 using a linear model (LM; ‘lm’, ‘stats’ 
package). Salinity, site, as well as the previous week’s total rainfall, mean ambient temperature and mean 
swell height were specified as predictors in each LM, with salinity being coded as a factor differentiated as 
‘marine’ when the salinity was ≥ 5 and otherwise as ‘fresh’ (Perissinotto et al. 2014; Rishworth et al. 
2016b). Salinity and temperature variability were modelled separately for the continuous set of hourly 
measurements recorded within each barrage pool during 2014 using a linear mixed-effects model (LMM; 
‘lmer’, ‘lmerTest package). Hourly ambient temperature, rainfall, swell height and sea level height, as well 
as site and time of day were specified as predictors in each LMM. In the LMM, day nested within month 
was specified as a random effect to account for the influence of repeated measurements and temporal 
CHAPTER 1: PERITIDAL STROMATOLITE PHYSICO-CHEMISTRY 
Rishworth et al. 2017 Journal of Marine Systems 167: 68-77 
GM RISHWORTH  13 
autocorrelation of salinity and temperature (Zuur et al. 2009). Due to varying minimum salinity 
measurement thresholds between inter-site loggers, the lowest effective salinity was adjusted across all 
sites to reflect a consistent minimum which was equal to the lowest recorded threshold minimum 
(approximately 1.5). Despite logger minimum threshold variability, the actual minimum pool salinity was 
~ 1.5, as verified by YSI measurements (Table 1.1; Rishworth et al. 2016c) and pool loggers with an 
accurate minimum threshold. Residuals for all LMs and LMMs were normally distributed. An indication 
of the variance explained by each model, or model fit, namely the multiple-R
2
 for LMs and a pseudo-R
2
 
(‘r.squaredGLMM’, ‘MuMIn’ package; Nakagawa et al. 2013) for LMMs, were also calculated. All data 
are expressed as mean ± SE, unless otherwise indicated, with a significance level of α = 0.05 specified. 
1.3. Results 
Patterns of meteorological and ocean parameters reflected clear temporal trends (Fig. 1.2). Daily ambient 
temperature ranges showed a prominent decrease, especially noticeable for minimum values, across the 
late autumn and winter months (May to July), during which time ocean swell height was greatest. 
Precipitation was consistent throughout the year, with observable peaks during autumn and spring (Fig. 
1.2). Tidal fluctuations rarely exceeded 2.0 m, undergoing clear biweekly neap and spring cycles of 
moderate (< 1.0 m) compared to large (~ 2.0 m) variability in tidal range, respectively (Fig. 1.2).  
 
 
Figure 1.2 Local ambient temperature (daily minimum and maximum recordings; red lines, top graph), rainfall 
(blue bars, top graph), tide reflected as sea level height above chart datum (green lines, bottom graph) and ocean 
swell height (blue line, bottom graph) near Port Elizabeth, South Africa, during 2014. 
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Alkaline conditions (pH: 7.0-9.4) were consistently observed in all pools while oxidation-reduction 
potentials (ORPs) and dissolved oxygen concentrations indicated oxidising and oxygen-rich conditions, 
respectively (Table 1.1). 
1.3.1. Temperature and salinity 
Pool temperature varied significantly between sites within the main barrage pool (Fig. 1.3), such that site B 
reflected the warmest values during summer while the pool at site C was the most thermally constant 
throughout the year (p < 0.001, Table 1.2). Overall, temperatures within the pools were, as expected, 
related to ambient seasonal thermal variability (p < 0.001, Table 1.2), with the warmest and coldest values 
recorded in summer and winter, respectively (Fig. 1.3). Unsurprisingly, the shallow stromatolite pools (< 
0.7 m; Table 1.1) warmed significantly throughout the daylight hours and cooled after sunset (p < 0.001, 
Table 1.2). The ocean also had an important influence on pool temperature with large swells and high tidal 
levels resulting in lower pool temperatures (both p < 0.001, Table 1.2), as is evident in the three obvious 
sharp decreases in temperature during February/March and November which coincided with marine 
incursions (Fig. 1.3). Hourly rainfall did not have any significant effect on pool temperature (p > 0.05, 
Table 1.2). 
 
Table 1.2 Linear mixed-effects models fitted by restricted maximum likelihood of hourly water temperature and 
salinity variability within three stromatolite barrage pools as a function of sampling location, ambient 
temperature, rainfall, ocean conditions in terms of tide (height above chart datum) and swell height, as well as 
time of day. Day nested within month was specified as a random effect for both models to account for repeated 
measurements. Coefficients (C) represent the directional effects of each predictor variable. A measure of the fit 
of each model (R
2
) explained by both fixed and random effects (Nakagawa et al. 2013) is also indicated. 
Salinity is only modelled for two sites (A and B) because of device failure at the third (Fig. 1.3). Site 
coefficients are reflective of site B or C relative to site A. The overall test statistic for ‘time of day’ is reflected 
as an F-value (ANOVA) rather than presenting 23 separate t-values. 
  Pool temperature   Pool salinity 
Predictor variable df C (SE) t-value p   df C (SE) t-value p 
Intercept 1 19.31 (0.43) 45.01 <0.001   1 7.40 (1.48) 5.01 <0.001 
Site
B
 1 0.85 (0.02) 40.43 <0.001 
 
1 2.02 (0.10) 20.99 <0.001 
Site
C
 1 0.76 (0.02) 35.90 <0.001             
Temperature 1 0.03 (0.00) 7.18 <0.001   1 0.04 (0.03) 1.48 0.14 
Rainfall 1 -0.04 (0.02) -1.93 0.05   1 0.00 (0.12) -0.02 0.98 
Ocean swell 1 -0.24 (0.02) -13.17 <0.001   1 1.82 (0.11) 16.77 <0.001 
Tide 1 -0.001 (0.000) -6.24 <0.001   1 0.003 (0.001) 2.38 <0.05 
Time of day 23     75.55
F
 <0.001   23     0.57
F
 0.95 
                        
R
2
   0.63           0.75       
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Figure 1.3 Mean daily water temperature and salinity recorded at three stromatolite barrage pools (Cape Recife, 
blue lines; Schoenmakerskop, green lines; Seaview, red lines) from January to December 2014. The minimum 
salinity was adjusted for all loggers to be ~1.5 due to variable minimum threshold recordings between loggers 
(see ‘Materials and methods’). Salinity measurements were not reliably recorded from site C (Seaview) for 
much of the year. 
 
Although similar between sampling locations in terms of temporal patterns, inter-site pool salinity did 
differ (p < 0.001, Table 1.2) in terms of maximum salinity recordings (Fig. 1.3; Table 1.1) as well as the 
duration of saline conditions (Table 1.3). In general, main pools were predominantly exposed to freshwater 
conditions throughout the 2014 study period, remaining in this low salinity state for periods on average of 
3.8 ± 0.5 d duration, but potentially for up to 25.3 d (Table 1.3), before saline water entered the pools. In 
contrast, marine conditions (> 25 salinity) usually lasted for 1.9 ± 0.2 d (maximum duration: 10.0 d) with 
transient estuarine-like states occurring for a day or less (Table 1.3). Tidal conditions and ocean swell 
height, especially, contributed towards the observed salinity variability such that high tides and large 
swells incurred saline conditions within the barrage pools (p < 0.05 and p < 0.001, respectively, Table 1.2). 
Apart from the indirect seasonal influence of winter swell conditions, neither ambient seasonal temperature 
variability, hourly precipitation nor time of day had any important influence on pool salinity conditions (all 
p > 0.25, Table 1.2). 
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Table 1.3 Mean number of days ± SE under which the barrage pool at each site experienced fresh, estuarine and 
marine predominant states, adjudged according to salinity measurements. Total estimates across the three sites, 
as well as the range for each state are also indicated. Due to device failure, the mean for site C (Seaview) is only 
representative of measurements after 26 November (see Fig. 1.3). 
  Fresh state Estuarine state Marine state 
Salinity: <5 5-25 >25 
Cape Recife 4.0 ± 0.5 0.5 ± 0.1 1.7 ± 0.2 
Schoenmakerskop 3.9 ± 0.9 1.3 ± 0.2 2.5 ± 0.3 
Seaview 2.6 ± 2.1 0.3 ± 0.1 0.1 ± 0.0 
All sites 3.8 ± 0.5 0.8 ± 0.1 1.9 ± 0.2 
Range (0.04 – 25.3) (0.04 – 5.3) (0.04 – 10.0) 
 
1.3.2. Nutrients 
There was a clear site-related effect on macronutrient concentrations in terms of DIN and DIP (Table 1.1; 
Fig. 1.4 and 1.5), which reflected in site being a significant predictor for both nutrients (both p < 0.001, 
Table 1.4). Site C (Seaview) had consistently higher DIN concentrations than site B (Schoenmakerskop) 
which in turn were greater than at site A (Cape Recife) (Fig. 1.4). In contrast, DIP concentrations were 
markedly greater at site C compared to sites A and B, of which the latter two sites reflected similar low (< 
0.2 μM) available phosphorus concentrations (Fig. 1.5). For respective sampling occasions across all sites, 
DIN concentrations were regularly higher in water closer to the freshwater inlet (i.e. seep and upper pools) 
compared to that closer to the ocean (i.e. lower pools and the ocean itself) (Fig. 1.4). Ammonium made a 
minor contribution to the DIN in inlet seepage (0.3 ± 0.1 %), main pool (4.5 ± 1.8 %) and ocean (5.5 ± 2.1 
%), compared to nitrates and nitrites combined.  
At sites A and B, DIP concentrations were often highest in saline lower pools, and especially the ocean, 
while middle pools occasionally reflected the lowest available phosphorus concentrations (Fig. 1.5). This 
trend was not consistent at site C where similar patterns to that observed in DIN were apparent whereby 
pools closer to the freshwater seepage (upper) had higher available phosphorus concentrations than the 
middle pools, which in turn were also higher than the lower pools (Fig. 1.5). However, interestingly, 
during some instances when the DIP concentration in the upper pool was ≤ 0.2 μM (e.g. October 2014) at 
site C, a similar trend compared to sites A and B was observed whereby the middle pool had the lowest 
DIP concentration (Fig. 1.5). The strong influence of marine water incursion on phosphorus clearly 
increased the available DIP in the barrage (middle) pools (‘Pool state’, p < 0.01, Table 1.4) but did not 
affect the DIN concentrations (p = 0.12, Table 1.4). The ratio of DIN:DIP was biased towards DIN for all 
sites and pools apart from the ocean, with site B, which did not have an inlet source of DIP but did have 
high DIN concentrations, having the highest concentration of DIN relative to DIP overall (Fig. 1.4 and 
1.5). 
Of the meteorological (rainfall and ambient temperature) and ocean (ocean swell) variables measured, only 
rainfall was significantly related to nutrient concentrations, this being in terms of DIN where it appeared to 
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have a dilution effect (p < 0.05, Table 1.4). There was no seasonal effect on nutrient concentrations, as 
accounted for by ambient temperature (‘sampling date’ was not included in the LM because of covariation 
between sampling events; Table 1.4). 
 
 
Figure 1.4 Dissolved inorganic nitrogen (DIN) recorded during monthly (left panels) and seasonal (right panels) 
sampling events at the three stromatolite sites, differentiated according to pool type (solid lines: upper pool, 
black circle; main stromatolite barrage pool, green circle; and lower pool, white circle) as well as inlet seepage 
(dotted line: black triangle) and ocean (dotted line: white square) water. The DIN concentration which 
represents the threshold for N-limitation of primary productivity within estuaries (2 μM; Fisher et al. 1988) is 
indicated by the horizontal dotted line. 
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Figure 1.5 Dissolved inorganic phosphorus (DIP) recorded during monthly (left panels) and seasonal (right 
panels) sampling events at the three stromatolite sites, differentiated according to pool type (solid lines: upper 
pool, black circle; main stromatolite barrage pool, green circle; and lower pool, white circle) as well as inlet 
seepage (dotted line: black triangle) and ocean (dotted line: white square) water. The DIP concentration which 
represents the threshold for P-limitation of primary productivity within estuaries (0.2 μM; Fisher et al. 1988) is 
indicated by the horizontal dotted line. 
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Table 1.4 Linear model of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) within three stromatolite 
barrage pools as a function of sampling location, salinity (pool state), weekly rainfall, ambient temperature and 
ocean swell conditions. Coefficients (C) represent the directional effects of each predictor variable. Site and 
pool state coefficients are reflective of site B or C relative to site A and marine relative to freshwater conditions, 
respectively. A measure of the fit of each model (R
2
) is also indicated.  
  Dissolved inorganic nitrogen (DIN)   Dissolved inorganic phosphorus (DIP) 
Predictor variable C (SE) t-value p   C (SE) t-value p 
Intercept 162.94 (316.04) 0.52 0.61   -0.61 (0.44) -1.40 0.17 
Site
B
 232.90 (40.85) 5.70 <0.001   0.01 (0.06) 0.15 0.88 
Site
C
 440.28 (42.09) 10.46 <0.001   0.30 (0.06) 5.19 <0.001 
Pool state
Marine
 -64.98 (40.67) -1.60 0.12   0.16 (0.06) 2.89 <0.01 
Rainfall -2.40 (1.02) -2.36 <0.05   0.00 (0.00) -0.38 0.71 
Ambient temperature -3.23 (10.50) -0.31 0.76   0.02 (0.01) 1.08 0.29 
Ocean swell 4.48 (43.02) 0.10 0.92   0.10 (0.06) 1.60 0.12 
      
  
      
  
R
2
 0.80   19.42 <0.001   0.68   10.21 <0.001 
 
1.4. Discussion 
The results of this study demonstrate the fine-scale variability and drivers of physico-chemical parameters 
in terms of salinity, temperature and macronutrients (nitrogen and phosphorus) within stromatolite barrage 
pools which have formed at the interface of groundwater seepage and intertidal marine input along the 
South African southern coastline. Importantly, this contributes towards the understanding of the few 
examples of stromatolites forming within intertidal to supratidal habitats known globally (Forbes et al. 
2010; Smith et al. 2011; Cooper et al. 2013; Perissinotto et al. 2014). 
1.4.1. Thermal and saline variability 
Stromatolite pool temperature was primarily a function of seasonal ambient variability (Fig. 1.3; p < 0.001, 
Table 1.2), demonstrating expectedly warmer and cooler temperatures in summer compared to winter, 
respectively. Unsurprisingly, the deepest pool (site C, Seaview: 0.60 ± 0.04 m) was the most thermally-
buffered throughout the year, while the shallowest (site B, Schoenmakerskop: 0.35 ± 0.02 m) experienced 
a greater seasonal range in temperature (Fig. 1.3). This is akin to typical tidal rock pools where shallower 
pools are characteristically less stable abiotic environments (Metaxas & Scheibling 1993). During periods 
of marine overtopping during spring high tides or large swell activity, pool temperatures decreased 
significantly (Table 1.2), a consequent function of the usually cooler adjacent marine coastal waters 
(between 10 °C and 25 °C depending on upwelling conditions: Goschen & Schumann 1995; Goschen et al. 
2012), as compared to the stromatolite barrage pools (Fig. 1.3). Coastal groundwater seepage has 
previously been shown to be a ‘habitat envelope’ in terms of being marginally, but consistently, warmer 
than surrounding coastal waters, thereby providing island habitat which can be utilised by organisms 
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outside of their usual biogeographical zones (Dale & Miller 2007). The implications of this with respect to 
the stromatolite pools as a refuge habitat remain to be determined.  
Pool temperature has an influence on the benthic microalgal community of the South African stromatolites, 
with community composition changing according to seasonal fluctuations (Rishworth et al. 2016c). 
Similarly, Bowlin et al. (2012) demonstrated the shifting dominance of cyanobacteria according to 
temperature variability within the marine stromatolites of Highborne Cay, Bahamas. Temperature 
extremes, together with other factors such as salinity and exposure, are also important in some 
stromatolites from the perspective of excluding organisms which might otherwise outcompete or disrupt 
stromatolite formation (Suosaari et al. 2016). 
The magnitude of temporal pool temperature variability was not as pronounced as for the frequent cyclical 
shifts in salinity state between marine and freshwater conditions (Table 1.3). The regular shift between 
saline states within the main barrage stromatolite pools tended to occur over approximately weekly cycles, 
mirroring the transition from neap to spring tide, as reflected by the sum of the mean durations of fresh 
(3.8 ± 0.5 d), brackish (0.8 ± 0.1 d) and marine conditions (1.9 ± 0.2 d). These regular and complete 
salinity state shifts are unlike the patterns observed in estuarine systems with a perennial ocean connection, 
which typically experience a permanent salinity gradient that shifts spatially depending on freshwater 
inflow and flood conditions (Van Diggelen & Montagna 2016). Although less frequent and usually of 
longer duration, the marine-freshwater connection of estuaries with an ephemeral link to the ocean 
(temporarily open-closed estuaries; TOCEs) is more comparable to the stromatolite pool conditions than 
that of estuaries with a permanent marine association. The key difference between TOCEs and the 
stromatolite pools is the driver of marine linkage and the frequency of such events, this being infrequent 
storm-induced marine overtopping or increased freshwater inflow resulting in mouth breaching in TOCEs 
(Anandraj et al. 2007; Snow & Taljaard 2007; Whitfield et al. 2008), compared to being exclusively 
ocean-driven in terms of tidal height and swell in the stromatolite pools (Table 1.2). Regular marine input 
coupled with continuous freshwater flow results in seasonal depth haloclines (Perissinotto et al. 2014) and 
elevational salinity gradients between pools (Rishworth et al. 2016c) at the stromatolite sites. Similarly, 
salinity can vary in TOCEs across longitudinal and depth gradients depending on freshwater inflow, mouth 
condition as well as estuarine spatial extent and depth (Snow & Taljaard 2007; Whitfield et al. 2008).  
Frequent salinity changes are likely to play an important role in terms of species tolerances and habitat 
distribution patterns surrounding the stromatolite environment. In a seminal, informative study by 
Montague & Ley (1993) in an estuarine environment, salinity fluctuations rather than mean estimates, 
especially when shifting from fresh (~ 0) to near-marine conditions, were shown to be more important 
towards structuring plant biomass and benthic invertebrate density, with few species predicted to tolerate 
sudden and large shifts between saline states. Only those species that have evolved physiological 
mechanisms to tolerate the stresses of shifting salinity states, typical of many estuarine halotolerant species 
(e.g. Riddin & Adams 2008), would survive such extreme fluctuations (Strazisar et al. 2015). A recent 
meta-analysis of a network of estuaries in the Gulf of México showed that benthic species diversity, 
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richness and evenness were all lower at regions which experienced a greater degree of salinity variability 
(Van Diggelen & Montagna 2016). In South African TOCEs, it has been suggested that species 
distribution patterns are indeed related to salinity conditions (Whitfield et al. 2008), however other factors 
such as sediment particle size for benthic species in particular may be as, or indeed more, important a 
driver as salinity (Teske & Wooldridge 2003).  
Biological species assemblages within the stromatolite pools, assessed from the few comparable studies 
conducted thus far (Forbes et al. 2010; Perissinotto et al. 2014; Rishworth et al. 2016b; Rishworth et al. 
2016c), have demonstrated that salinity is indeed a key and consistent driver of community variability and 
change. As an illustrative example, Perissinotto et al. (2014) demonstrated the lethal effects of a salinity 
fluctuation from marine to oligohaline conditions on Cyclograpsus punctatus, a brachyuran adapted to 
intertidal marine conditions and common to the stromatolite habitat. Within the microbial community, 
increases in salinity, together with lower temperatures during winter months especially, corresponded with 
decreased cyanobacteria abundance (Rishworth et al. 2016c), likely influencing the rate of carbonate 
precipitation by this microalgal group (Reid et al. 2000). This has important implications for accretion 
patterns and biomass. Shifting dominance within the benthic microalgae community is concurrent with 
stromatolitic layering processes (Reid et al. 2000; Smith et al. 2005; Perissinotto et al. 2014). This results 
in the cyclical transition between pioneer and climax microalgal communities (Reid et al. 2000) and the 
alternating two-phase layering which is typical of stromatolites. For the South African peritidal 
stromatolites investigated in this study, this layering accretes at an annual rate of ~3.4 mm for both pioneer 
and climax types (calculated from Fig. 1b in Rishworth et al. 2016a), which is similar to those found at 
Cape Morgan which accrete at an annual rate of 2.1 to 3.6 mm for the pioneer community and 0.1 to 1.0 
mm for the climax community (Smith et al. 2005). The temperature and saline variability presented in this 
study therefore drives the seasonal resurgence and decline of the benthic cyanobacterial community, which 
are the principal organisms responsible for establishing the pioneer layering community (Perissinotto et al. 
2014).  
In other microbialite ecosystems which experience varying degrees of exposure there is also an influence 
of salinity towards driving benthic microbial assemblages. Shifts under hypersaline conditions (> 45) 
contribute towards determining the rates of carbonate mineralisation by varying microalgal taxa (Ahrendt 
et al. 2014; Suosaari et al. 2016), while increases in salinity to normal seawater conditions (~35) from 
mesohaline, usual circumstances (~15) can similarly affect the mineralisation capacity of the microbial 
assemblage (Lindsay et al. 2016). For those stromatolites permanently submersed under normal seawater 
conditions in the Bahamas, salinity has little effect on the microbial community (Bowlin et al. 2012). 
1.4.2. Nutrient dynamics 
Freshwater seepage provides the primary source of nitrogen into the stromatolite pools (Fig. 1.4, right 
panels). This is consistent with nutrient dynamics from other sites of coastal groundwater discharge 
(Johannes 1980; Burnett et al. 2001), whereby nutrient ratios and local marine primary productivity are 
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modified by this nitrogen-enriched source (Slomp & Van Cappellen 2004; Kim et al. 2011; Statham 2012). 
There was a clear decreasing trend in DIN along the elevational gradient from the seepage point to the 
lower pools and finally into the ocean (Fig. 1.4), which likely reflects utilisation of this inflowing nutrient 
by primary producers within the pools including microphytobenthic algae (Rishworth et al. 2016c), 
phytoplankton (Rishworth et al. 2016b), macroalgae and macrophytes. Preliminary evidence suggests that 
species composition within the microbial community along this elevational gradient is distinct between 
upper and lower pools (Perissinotto et al. 2014), with further work underway to determine whether distinct 
microbial communities occupy the site-specific nutrient gradient. The possible effects of nutrient input 
from water passing through the stromatolite pools towards primary productivity within the adjacent coastal 
ocean was not determined in this study.  
Submarine groundwater discharge is a known vector of anthropogenic organic pollution in terms of an 
elevated nutrient load, especially for nitrogen (Slomp & Van Cappellen 2004; Statham 2012). Excess 
nitrogen and phosphorus input into aquatic ecosystems is usually from domestic or agricultural fertiliser 
use as well as municipal and industrial wastewater release (Conley et al. 2009). Consistent with the levels 
of adjacent human occupation associated with each of the three sampling locations in this study (see 
‘Study site’), there was a clear pattern in terms of nutrient input, especially with regards to DIN (Fig. 1.4), 
and to a lesser degree for DIP (Fig. 1.5). Previous work has demonstrated that this site-specific difference 
in nutrient concentrations does not significantly affect the community composition and biomass within the 
stromatolite-forming benthic microalgae (Rishworth et al. 2016c). However, other primary producers, such 
as the pool phytoplankton, are influenced by the variable nutrient dynamics both in terms of community 
composition and abundance (Rishworth et al. 2016b). Increased nitrogen input is reflected as a shift away 
from phytoplankton biomass (Rishworth et al. 2016b) in favour of stromatolite benthic microalgal biomass 
(Rishworth et al. 2016c), although the nutrient effects are not as important as temperature and salinity for 
benthic biomass.   
Characteristic eutrophication effects associated with elevated DIN and DIP levels, such as phytoplankton 
biomass blooms, depleted oxygen levels or the occurrence of harmful or toxic algae (Slomp & Van 
Cappellen 2004; Lemley et al. 2015), have not been observed within the stromatolite pools. A likely reason 
for the lack of any observable effects is due to the low water retention time (Table 1.3) caused by the 
constant interplay between freshwater inflow and marine intrusion, which dampens nutrient utilisation 
efficiency for the phytoplankton (Adams et al. 1999) and also prevents nutrient accumulation, which 
would occur if the pools were stagnant (Häggqvist & Lindholm 2015).  
Within estuarine environments that have an ephemeral and cyclical link to the ocean, analogous in 
principle to the circumstances portrayed in the stromatolite pools (Fig. 1.3), marine water is an important 
source of DIP (Nozais et al. 2001; Gobler et al. 2005). In light of this, saline incursion under spring tidal 
and high swell conditions was a dominant factor in terms of increasing DIP concentrations in stromatolite 
barrage pools (p < 0.001, Table 1.4). Apart from site C, which was the most anthropogenically-affected 
site, freshwater seepage provided little, if any, phosphorus input (Fig. 1.5). At site C, however, DIP 
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concentrations were clearly bolstered by an upstream source, the implications of which remain as yet 
unclear for the stromatolite community as there have been no observable community-level differences 
between sites (Perissinotto et al. 2014; Rishworth et al. 2016c). What was interesting across all sites, when 
DIP concentrations neared the threshold for P-limitation of 0.2 μM within estuaries (Fisher et al. 1988), 
was the consistently lower DIP levels in the main stromatolite barrage pools compared to the other pools 
(Fig. 1.5). The transition zone between fresh and saline water, which describes the typical state of the 
middle barrage pools in the current study, has been documented in estuarine field studies and mesocosm 
experiments to typically be P-limited due to reasons associated with salinity and the desorption of 
sediment-bound phosphorus (Blomqvist et al. 2004; Conley et al. 2009; Statham 2012). The trend 
observed in the middle pools, which support a high primary producer biomass (Perissinotto et al. 2014; 
Rishworth et al. 2016c), is therefore indicative of P-limited systems and near-complete utilisation of 
phosphorus when DIP is ≤ 0.2 μM. 
1.4.3. Conclusion: an hypothesis for supratidal stromatolite formation 
A previous hypothesis proposed for South African stromatolite formation (Smith et al. 2011; Perissinotto 
et al. 2014; Rishworth et al. 2016c) suggests that this is likely driven by the dynamic spatio-temporal 
interplay of inflowing groundwater and coastal marine water. Comparable, but less-extensive, supratidal 
stromatolite formations in both Northern Ireland (Cooper et al. 2013) and Western Australia (Forbes et al. 
2010) are exposed to similar water convergence circumstances and hypothesised drivers. Specifically, the 
pool physico-chemistry within the tufa stromatolite deposits investigated by Forbes et al. (2010) were 
similar to those of the current study in terms of temperature range, pH, oxidation conditions, and salinity 
range (measured as conductivity; mS.cm
-1
). Nutrient concentrations, although generally less that in the 
current study (Table 1.1), were also dominated by DIN, by up to two orders of magnitude compared to 
DIP, while phosphorus concentrations seemed highest in pools exposed to marine incursion (Forbes et al. 
2010). The data presented here enhance those findings both in terms of nutrient dynamics and with regard 
to regular salinity variability. This is particularly apparent within the main barrage pool, which 
unsurprisingly also supports the majority of stromatolite benthic microalgal biomass (Perissinotto et al. 
2014; Rishworth et al. 2016c).  
In terms of nutrient dynamics, the consistent nitrogen input from the groundwater seepage coupled with 
the regular, but ephemeral, phosphorus marine input creates a zone of optimum benthic microalgal 
biomass within the main pool (Rishworth et al. 2016c), as can be observed by the near-complete utilisation 
of DIP in the middle compared to other pools when this nutrient is likely limited (≤ 0.2 μM). Additionally, 
the frequent and extreme (~ 1.5 to ≥ 30) transitions in terms of saline state, which occur within the main 
stromatolite barrage pools, likely preclude other primary producers from long-term establishment and 
thereby potentially outcompeting the stromatolite-forming benthic microalgae (Cooper et al. 2013), similar 
to the salinity-induced die-back of macrophytes observed within estuaries under extreme salinity 
fluctuations (Riddin & Adams 2008; Strazisar et al. 2015). This freshwater-marine convergence zone also 
likely provides a harsh environment for non-halotolerant benthic invertebrates (Van Diggelen & Montagna 
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2016), which would otherwise graze upon or bioturbate the stromatolite matrix (Bernhard et al. 2013). 
Indeed, it is the evolution of, and destructive forces exerted by, metazoans which are hypothesised to have 
historically contributed towards stromatolite scarcity (Riding 2006; Mata & Bottjer 2012). Salinity 
pressures, as well as nutrient convergence, as demonstrated in this study, therefore appear to enable 
stromatolite persistence in the supratidal zone for all known global examples.  
Future work should however be directed towards understanding the variable chemistry, specifically in 
terms of calcium carbonate (Forbes et al. 2010), between coastal seeps that support stromatolite formation 
and those that do not, for this is likely to be an important component in understanding the drivers of their 
occurrence in modern environments. The stromatolites at Cape Morgan, South Africa, are sustained by 
groundwater that is rich in carbonate from dolerite sources (Smith et al. 2011). These reflect alkaline pH 
conditions in the main pool, which are similar to those of the current study, and suggest microbially-
induced mineralisation processes indicative of stromatolite accretion (Dupraz et al. 2009). At comparable 
sites in Western Australia, it has been highlighted that should bicarbonate (HCO3) levels fall below 100 
mg.L
-1
 (current HCO3 concentrations are between 200 and 600 mg.L
-1
), high nutrient (DIN and DIP) levels 
might enable competitive algal groups to replace the stromatolite microalgae (Forbes et al. 2010). It is 
therefore imperative that a holistic understanding of the carbonate chemistry dynamics, in combination 
with the nutrient regime presented in the current study, is achieved – this is currently underway as part of a 
separate investigation. Lastly, a constant groundwater seepage supply is clearly a necessary feature for 
these systems (Cooper et al. 2013), thereby advocating, as has been implemented for the Australian 
stromatolites (Forbes et al. 2010), that water abstraction practices and conservation measures be carefully 
governed in order to preserve these unique habitats (Perissinotto et al. 2014). 
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CHAPTER 2 
ENVIRONMENTAL INFLUENCES ON LIVING MARINE STROMATOLITES: INSIGHTS 
FROM BENTHIC MICROALGAL COMMUNITIES 
------------------------------------------- 
Submitted and published: Rishworth, GM, van Elden, S, Perissinotto, R, Miranda, NAF, Steyn, P-P, & 
Bornman, TG. 2016. Environmental influences on living marine stromatolites: insights from benthic 
microalgal communities. Environmental Microbiology 18:503-513 
------------------------------------------- 
Extant marine stromatolites act as partial analogues of their Archean counterparts, but are rare due to 
depleted ocean calcium carbonate levels and suppression by eukaryotic organisms. Unique, peritidal tufa 
stromatolites at the interface between marine and freshwater inputs were discovered in South Africa in the 
past decade. Our aim was to investigate the benthic microalgal community (green algae, diatoms and 
cyanobacteria) of these stromatolites to assess succession and dominance patterns using real-time, in situ 
measurements of algal concentrations and composition. These biological measurements were modelled 
using generalised linear modelling (GLM) multivariate statistics against water physical and chemical 
parameters measured at regular monthly intervals, from January to December 2014. Salinity peaked and 
temperature dipped in winter, with both correlated to microalgal community change (GLM: p < 0.01). 
Diatoms and cyanobacteria, which construct the stromatolites, were consistently the dominant groups 
within the algal community, with minimal green algae present throughout the year. Importantly, this 
demonstrates a unique, relatively stable microalgal stromatolite community as opposed to those of other 
marine stromatolites, which likely require seasonal and stochastic disturbance to persist. This has 
implications in terms of interpreting community succession and differential layering in modern and 
fossilised stromatolites, respectively. 
2.1. Introduction 
Stromatolites are layered bioaccretionary deposits (Riding 2000; Bosak et al. 2013) constructed primarily 
by the metabolic and sediment-trapping action of cyanobacteria and first occur in the fossil record from 
2.7-3.5 Ga (Grotzinger & Knoll 1999; Reid et al. 2000; Riding 2011). Their geological record is 
significant because cyanobacteria are thought to have played a key role in the accumulation of atmospheric 
oxygen (Dismukes et al. 2001; Des Marais 2003). Although common in Archean and Precambrian oceans 
(Grotzinger & Knoll 1999), modern marine stromatolites are rare, being confined to waters where calcium 
carbonate is supersaturated (e.g. Shark Bay, Australia, where evaporative rates are high; Logan 1961) or 
eukaryotic competition is minimal (e.g. Exuma Cays, Bahamas, where high levels of sediment transport 
preclude most eukaryote establishment; Eckman et al. 2008). Modern stromatolites are considered to be 
CHAPTER 2: STROMATOLITE-FORMING BENTHIC MICROALGAE 
Rishworth et al. 2016 Environmental Microbiology 18:503-513 
 
GM RISHWORTH  26 
partial analogues of their ancient counterparts (Riding 2011), but because of their scarcity, the 
understanding of the historical environment and the factors driving their growth is consequently limited 
(Bowlin et al. 2012). 
An additional example of extant marine stromatolites was recently discovered in South Africa in the early 
2000s, initially at Cape Morgan (Smith & Uken 2003; Smith et al. 2005). These peritidal stromatolites 
precipitate carbonate-rich groundwater from dune seeps which regularly mixes with marine water and trap 
and bind sediment, forming rock pools (Smith et al. 2011). The freshwater-originating carbonate source 
(Pedley 1990; Pedley 2009) which is extracellularly precipitated by microalgae (Smith et al. 2011; Pedley 
2014) thereby forming sequential fine laminae (Burne & Moore 1987) provides the classification of these 
microbialites as “tufa stromatolites” (sensu Riding 2000; Smith et al. 2011). More recently, a larger 
density of stromatolites (540 colonies, ranging in surface area from less than 1 m
2
 to over 10 m
2
) has been 
discovered to the west of Port Elizabeth (Perissinotto et al. 2014). Similar to those at Cape Morgan, these 
stromatolites trap carbonate-rich water from groundwater seeps to form barrage pools or waterfall deposits 
(sensu Forbes et al. 2010) depending on the nature of the groundwater seep (Perissinotto et al. 2014). 
These stromatolites are unique, extending from the upper intertidal to supratidal zones, at the interface 
between freshwater input and regular seawater inundation (Smith et al. 2011; Perissinotto et al. 2014). 
While less extensive and seldom inundated with seawater, similar tufa stromatolites which receive 
freshwater input from inland springs are found in coastal south-western Australia (Forbes et al. 2010) and 
Giant’s Causeway in Northern Ireland (Cooper et al. 2013).  
Competition between algal eukaryotes and stromatolite-forming cyanobacteria was originally proposed as 
a factor contributing towards the decline of the stromatolites into the Neoproterozoic (Fischer 1965). 
However, general consensus attributes this decline to the rise of metazoan grazers and burrowers rather 
than algal competition (Walter & Heys 1985; Grotzinger & Knoll 1999; Mata & Bottjer 2012), with 
modern studies demonstrating stromatolite-algal coexistence under specific environmental conditions (e.g. 
Bowlin et al. 2012). Understanding the factors controlling the relationship between these two autotroph 
groups is important from a geological perspective in terms of stromatolite layering (Bowlin et al. 2012) as 
well as community succession in intertidal versus subtidal habitats (Awramik & Riding 1988). 
Additionally, the observed variability in prokaryote and eukaryote productivity in stromatolite 
communities (Perkins et al. 2012) highlights the importance of these two algal groups in terms of trophic 
dynamics in these rare coastal ecosystems.  
In light of the importance of the relationship between cyanobacteria and eukaryote algae, this study aimed 
to expand upon the preliminary observations of Perissinotto et al. (2014), specifically in terms of the 
benthic algal classes occurring within the stromatolite pools. Perissinotto et al. (2014) found that the 
benthic algal classes were dominated by chlorophytes and cyanobacteria, with a small percentage of 
diatoms. Using a next generation, real-time measure of algal classes which importantly minimises observer 
destructive sampling at the study site (see ‘2.2. Materials and Methods’), the aim of this study was to 
investigate patterns of change in algal class dominance and overall benthic algal biomass over the course 
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of a full year cycle. Furthermore, key physico-chemical parameters and nutrient concentrations were 
measured in order to relate these to algal composition and biomass in the various pools investigated.  
Knowledge of the drivers controlling algal composition in these pools will contribute towards 
contextualising the modern South African stromatolites compared with marine stromatolites elsewhere in 
the world, particularly those in the Bahamas and Shark Bay. This would be expected to provide insight into 
how the dynamic environmental conditions of the intertidal zone affect the structure of the algal 
stromatolite community, and thereby its productivity (Perkins et al. 2012) and sediment trapping efficiency 
(Awramik & Riding 1988; Frantz et al. 2015). 
2.2. Materials and Methods 
The study was undertaken at three sites of barrage type tufa stromatolite pools (sensu Forbes et al. 2010), 
located south of Cape Recife (Site A, 34°02’42.13’S, 25°34’07.50’’E), at Schoenmakerskop (Site B, 
34°02’28.23’’S, 25°32’18.60’’E) and on the eastern boundary of Seaview (Site C, 34°01’03.16’’S, 
25°21’56.48’’E) along the South African coastline near Port Elizabeth (Fig. 1.1). These occur within the 
species-rich Agulhas bioregion (Griffiths et al. 2010) and are bordered by the southern extent of the 
Agulhas Current. Warm water (between 22 and 26 °C in winter and summer, respectively; Schumann et al. 
1995) flowing southwards results in local sea surface temperatures ranging from 10 to 25 °C depending on 
upwelling conditions (Goschen & Schumann 1995; Goschen et al. 2012). The typically narrow rocky 
intertidal coastal zone is exposed to < 2 m diurnal tidal fluctuations and prevailing south-westerly, high-
energy swells (Goschen et al. 2012).  
Each of these sites consisted of lower, middle and upper pool areas, with the lower being closest to the 
subtidal waterline, while the upper was located nearest to the landward groundwater seepage. The middle 
pool was a typical barrage pool with extensive stromatolite accretion forming rimstone dams (Fig. 1.1), 
while the upper and lower pools had minimal stromatolite growth. A full survey of the three pools at each 
of the three sites was carried out monthly from January to December 2014, during the first tidal phase of 
the month, coinciding with peak low at around 7:00-8:00 am. The following physico-chemical parameters 
were measured as stabilised data points, backed-up by triplicate measurements logged on the probe, in 
each pool at each site using a YSI 6600-V2 multiprobe system (YSI Incorporated, Yellow Springs, OH, 
USA): temperature, salinity, depth, pH, turbidity (NTU) and dissolved oxygen (mg.l
-1
). Photosynthetically 
active radiation (PAR) was assessed in each pool in close proximity to the core sampling areas (bottom of 
the pools; see below) using a light meter (LI-250A, LI-COR® Inc., Lincoln, Nebraska, USA) fitted with a 
LI-193SA Underwater Spherical Quantum Sensor.  
For nutrient analysis, water samples were collected from each pool. These were filtered through 
Whatman© GF/F glass-fibre filters and then through hydrophilic poly-vinylidene difluoride (PVDF) 
syringe filters (pore size: 0.47 μm). Filtrates were stored and frozen in 150 ml bottles before analysis. The 
samples were analysed for ammonium (NH4
+
) and soluble reactive phosphorus (SRP) using standard 
spectrophotometric methods (Parsons et al. 1984), as well as total oxidised nitrogen (TOxN), which 
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includes nitrates and nitrites, using the reduced copper cadmium method (Bate & Heelas 1975). The sum 
of TOxN and NH4
+
 provides an estimate of dissolved inorganic nitrogen (DIN) and SRP an estimate of 
dissolved inorganic phosphorus (DIP) (Lemley et al. 2014).  
Percentage composition of algal classes at the sediment surface was measured using a BenthoTorch® 
fluorometer (bbe Moldaenke GmbH, Schwentinental, Germany). The BenthoTorch® is a portable field 
spectrofluorometer used for in situ measurement of benthic algal concentrations (µg.cm
-2
) by algal class, 
namely green algae, cyanobacteria and diatoms, which is achieved by the use of selective spectral 
fluorescence to excite accessory pigments (Aberle et al. 2006). This method, importantly, minimises the 
effect of observer disturbance on these sensitive stromatolite systems by limiting the number of destructive 
samples taken. Preliminary visual verification of the algal class community compared to BenthoTorch® 
data was performed in the laboratory prior to sampling. Three measurements of algal class composition 
were taken at randomly selected points in each pool for the purpose of replication, which were then 
averaged to determine mean algal concentration by class for each of the nine pools. Sediment cores were 
collected from the tufa stromatolite deposits to a standard depth of 10 mm using a stainless steel corer (17 
mm in diameter) pushed into the sediment with a hammer in close proximity to the spectral measurements. 
In the main barrage pool of each site, an additional core was taken to a depth of 50 mm, in order to 
estimate the algal biomass gradient from the surface to the inner stromatolite accretion. Cores were 
suspended in 30 ml of a 90% acetone solution over 48 hours to extract chlorophyll-a and phaeopigments. 
Fluorescence readings were taken using a Turner 10-AU narrow-band system (Turner Designs, Sunnyvale, 
CA, USA). 
Algal class composition recorded by the BenthoTorch® was expressed as a proportion of the total 
chlorophyll-a measured from the first centimetre cores (Kahlert & McKie 2014). All biological data were 
analysed in R (R Core Team 2016) using the multivariate abundance analysis package ‘mvabund’ (Wang 
et al. 2012). This technique, based upon the generalised linear model (GLM) framework, is more 
informative and powerful than other community analysis software which use distance-based methods 
(Wang et al. 2012).  A GLM was fitted to the algal class community abundance data using the ‘manyglm’ 
function (10,000 resamples, negative binomial family) using all measured physico-chemical parameters, 
nutrient concentrations as well as site, elevation and date as predictor variables. Environmental parameters 
were compared between sites, pools and months using repeated-measures analysis of variance (ANOVA). 
Data are presented as mean ± SD. 
2.3. Results 
2.3.1. Water physico-chemistry 
Physical and chemical parameters of the water in the stromatolite pools differed both between study sites 
and elevation gradients as well as seasonally (Table 2.1). Site C (Seaview) consistently had the highest and 
site A (Cape Recife) the lowest values for all measured parameters, barring turbidity where site B 
(Schoenmakerskop) was the highest (Table 2.1).  
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Table 2.1 Physical and chemical parameters recorded at monthly intervals during 2014 at three stromatolite pools along the Port Elizabeth coastline, South Africa, indicated as mean ± 
SD (minimum – maximum recording). Parameters are averaged and represented separately according to study site, pool elevation and date. Significance levels of repeated-measures 
ANOVAs are indicated for each parameter. PAR: photosynthetically active radiation. 
  
Temperature 
(°C) Salinity 
Dissolved Oxygen 
(mg.l-1) pH 
Turbidity  
(NTU) 
PAR  
(μmol.m-2.s-1) 
Dissolved Inorganic 
Nitrogen (μM) 
Dissolved Inorganic 
Phosphorus (μM) 
Study Site *** *** *** *** ** *** *** *** 
Cape Recife (A) 
18.5 ± 1.2 
(16.0 - 20.5) 
4.2 ± 8.0 
(1.4 - 33.0) 
7.9 ± 2.2 
(3.2 - 14.6) 
7.9 
(7.3 - 9.4) 
0.5 ± 1.0 
(0.0 - 3.5) 
255.5 ± 282.4 
(14.8 - 813.8) 
76.6 ± 19.4 
(40.2 - 108.5) 
0.04 ± 0.08 
(0.00 - 0.28) 
Schoenmakerskop (B) 
19.4 ± 3.7 
(11.2 - 28.8) 
10.7 ± 12.0 
(0.7 - 32.9) 
9.4 ± 3.8 
(0.9 - 15.5) 
8.3 
(7.0 - 9.0) 
2.8 ± 4.7 
(0.0 - 27.5) 
457.3 ± 333.4 
(88.7 - 1380.9) 
291.3 ± 118.5 
(114.8 - 583.7) 
0.02 ± 0.04 
(0.00 - 0.17) 
Seaview (C) 
21.0 ± 3.7 
(14.4 - 31.8) 
13.3 ± 12.7 
(1.3 - 33.4) 
12.2 ± 7.5 
(1.2 - 37.0) 
8.4 
(7.5 - 9.3) 
1.5 ± 2.0 
(0.0 - 7.1) 
720.4 ± 475.6 
(143.6 - 1683.0) 
431.6 ± 210.6 
(72.5 - 846.2) 
0.45 ± 0.40 
(0.00 - 1.27) 
Elevation n.s. *** n.s. * n.s. n.s. *** *** 
Lower pools 
20.2 ± 4.2 
(14.4 - 31.8) 
16.6 ± 12.8 
(1.5 - 33.4) 
9.7 ± 4.6 
(1.2 - 25.7) 
8.2 
(7.3 - 9.4) 
2.1 ± 2.1 
(0.0 - 7.1) 
478.4 ± 444.3 
(20.1 - 1680.0) 
159.0 ± 90.7 
(42.7 - 344.6) 
0.07 ± 0.10 
(0.00 - 0.33) 
Middle pools 
19.5 ± 3.0 
(14.6 - 28.8) 
9.6 ± 11.6 
(0.7 - 33.1) 
10.8 ± 7.4 
(2.6 - 37.0) 
8.2 
(7.5 - 9.3) 
0.9 ± 1.1 
(0.0 - 4.6) 
458.1 ± 392.0 
(26.2 - 1649.0) 
289.9 ± 204.0 
(40.2 - 680.6) 
0.12 ± 0.22 
(0.00 - 0.79) 
Upper pools 
19.2 ± 2.3 
(11.2 - 24.0) 
2.1 ± 3.1 
(1.0 - 19.0) 
9.0 ± 2.9 
(0.9 - 15.5) 
8.1 
(7.0 - 9.0) 
1.9 ± 4.8 
(0.0 - 27.5) 
496.7 ± 420.9 
(14.8 - 1683.0) 
350.6 ± 234.4 
(65.3 - 846.2) 
0.32 ± 0.43 
(0.00 - 1.27) 
Month *** *** *** n.s. n.s. *** *** *** 
January 
24.1 ± 4.1 
(20.1 - 31.8) 
4.3 ± 8.0 
(0.7 - 25.4) 
11.3 ± 3.3 
(7.6 - 15.7) 
8.2 
(7.7 - 8.7) 
0.9 ± 1.3 
(0.0 - 3.7) 
699.7 ± 729.4 
(144.3 - 1683.0) 
270.3 ± 243.3 
(65.3 - 737.8) 
0.13 ± 0.25 
(0.00 - 0.78) 
February 
23.2 ± 4.7 
(18.6 - 31.4) 
8.9 ± 10.7 
(1.1 - 27.6) 
7.8 ± 2.8 
(2.6 - 11.6) 
8.0 
(7.6 - 8.7) 
1.3 ± 1.7 
(0.0 - 4.6) 
1078.5 ± 417.9 
(448.4 - 1611.8) 
240.7 ± 222.2 
(40.2 - 645.6) 
0.25 ± 0.35 
(0.00 - 1.05) 
March 
20.0 ± 1.3 
(19.2 - 23.5) 
3.7 ± 6.6 
(1.2 - 21.4) 
8.1 ± 5.0 
(0.9 - 14.6) 
8.1 
(7.0 - 8.7) 
2.0 ± 1.9 
(0.0 - 4.8) 
299.1 ± 176.0 
(143.6 - 667.8) 
345.1 ± 269.5 
(48.4 - 846.2) 
0.14 ± 0.32 
(0.00 - 0.98) 
April 
20.7 ± 2.2 
(18.4 - 25.4) 
5.6 ± 6.3 
(1.4 - 20.6) 
8.2 ± 4.1 
(0.9 - 16.6) 
8.1 
(7.6 - 9.0) 
4.2 ± 9.0 
(0.0 - 27.5) 
499.7 ± 323.0 
(59.8 - 862.2) 
349.3 ± 255.3 
(66.5 - 741.9) 
0.17 ± 0.30 
(0.00 - 0.74) 
May 
17.7 ± 1.1 
(15.6 - 19.5) 
15.9 ± 12.8 
(1.1 - 29.1) 
8.7 ± 3.6 
(3.6 - 15.2) 
8.1 
(7.5 - 8.4) 
2.2 ± 3.4 
(0.0 - 10.5) 
137.6 ± 93.0 
(14.8 - 238.9) 
183.3 ± 160.5 
(44.8 - 520.0) 
0.17 ± 0.35 
(0.00 - 1.06) 
June 
15.8 ± 2.2 
(11.2 - 18.4) 
18.9 ± 15.7 
(1.3 - 33.4) 
6.8 ± 2.1 
(2.8 - 9.2) 
8.0 
(7.4 - 8.4) 
0.9 ± 1.0 
(0.0 - 3.1) 
132.1 ± 103.8 
(20.1 - 288.7) 
196.1 ± 163.7 
(48.5 - 522.4) 
0.32 ± 0.42 
(0.00 - 1.27) 
July 
16.5 ± 1.4 
(14.6 - 19.1) 
17.1 ± 14.4 
(1.4 - 32.9) 
8.1 ± 2.0 
(5.6 - 12.5) 
8.1 
(7.4 - 8.5) 
0.3 ± 0.5 
(0.0 - 1.1) 
313.1 ± 279.2 
(24.9 - 740.8) 
266.2 ± 183.6 
(51.5 - 545.5) 
0.24 ± 0.38 
(0.02 - 1.07) 
August 
17.6 ± 1.5 
(16.0 - 20.2) 
7.9 ± 12.0 
(1.2 - 33.0) 
12.4 ± 8.2 
(6.9 - 33.9) 
8.3 
(7.8 - 9.1) 
0.6 ± 1.0 
(0.0 - 3.3) 
461.3 ± 326.7 
(32.1 - 792.3) 
359.7 ± 226.0 
(97.3 - 621.3) 
0.22 ± 0.34 
(0.00 - 1.01) 
September 
19.4 ± 1.9 
(17.1 - 22.0) 
8.4 ± 7.4 
(1.4 - 19.0) 
10.6 ± 4.8 
(6.5 - 20.6) 
8.5 
(7.8 - 9.0) 
1.4 ± 2.2 
(0.0 - 6.7) 
442.5 ± 261.2 
(113.8 - 839.7) 
285.8 ± 180.6 
(91.4 - 590.3) 
0.10 ± 0.21 
(0.00 - 0.59) 
October 
19.9 ± 1.4 
(18.3 - 22.5) 
8.0 ± 13.1 
(1.0 - 32.2) 
13.4 ± 3.1 
(9.9 - 18.8) 
8.1 
(7.5 - 9.4) 
1.4 ± 1.5 
(0.5 - 5.2) 
928.1 ± 143.6 
(733.7 - 1086.2) 
187.8 ± 125.7 
(61.3 - 484.8) 
0.15 ± 0.28 
(0.00 - 0.86) 
November 
20.9 ± 1.1 
(19.4 - 22.2) 
6.9 ± 10.6 
(1.0 - 28.1) 
15.3 ± 9.7 
(8.7 - 37.0) 
8.5 
(7.9 - 9.3) 
1.4 ± 1.6 
(0.0 - 4.2) 
538.6 ± 207.3 
(128.0 - 756.3) 
259.3 ± 170.8 
(76.0 - 526.6) 
0.04 ± 0.09 
(0.00 - 0.25) 
December 
19.9 ± 1.1 
(19.0 - 21.9) 
7.6 ± 11.8 
(1.0 - 30.8) 
7.4 ± 2.9 
(2.7 - 10.6) 
8.2 
(7.3 - 8.5) 
2.5 ± 2.1 
(0.0 - 7.1) 
202.4 ± 155.0 
(44.1 - 449.6) 
254.3 ± 193.4 
(77.0 - 564.9) 
0.12 ± 0.30 
(0.00 - 0.92) 
Significance of p-values: n.s. 'not significant', * 'p < 0.05', ** 'p < 0.01', *** 'p < 0.001' 
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There was a significant decreasing gradient (p < 0.001) of nutrient levels from site C (dissolved inorganic 
nitrogen [DIN]: 431.6 ± 210.6 μM and dissolved inorganic phosphorus [DIP]: 0.45 ± 0.40 μM) to site A 
(DIN: 76.6 ± 19.4 μM and DIP: 0.04 ± 0.08 μM). Along an elevation gradient, pools largely differed in 
terms of salinity and nutrient levels (both: p < 0.001), as well as pH (p < 0.05) to a lesser extent (Table 
2.1). Reflecting freshwater inflow and saltwater inundation, upper pools were significantly less saline than 
middle barrage pools which in turn were less saline than lower, seaward pools. Furthermore, both 
dissolved inorganic phosphorus and nitrogen were significantly higher in upper pools, decreasing in 
concentration towards the lower pools (Table 2.1). 
Temporal trends were clearly evident in the pools, reflecting austral seasonal changes (Table 2.1). Water 
temperature was lowest in mid-winter (June-July) and highest in summer (January-February), ranging from 
11.2 °C to 31.8 °C. Pools were most saline during the colder months (May-July), when coastal storms are 
prevalent, reaching maximum salinity akin to local seawater conditions (33.4). During the remainder of the 
year, and partly in winter, pools reflected estuarine salinity conditions (Table 2.1). Expectedly, dissolved 
oxygen and light conditions (PAR) were closely associated and highest during the summer compared to 
winter months (Table 2.1). Nutrient inflow into the stromatolite pools also demonstrated seasonal peaks, 
these being associated with late summer and early autumn (DIN: March-April, DIP: February) as well as 
winter and early spring (DIN: August-September, DIP: June-August). Neither turbidity nor pH were 
seasonally significantly different (Table 2.1). 
2.3.2. Algal community 
Within the stromatolite accretion of the middle barrage pools, algal biomass (as chlorophyll-a) was 
concentrated in the upper centimetre, decreasing to virtually no chlorophyll below 3 cm (Fig. 2.1). Peaks in 
chlorophyll concentration within the stromatolite matrix (January-March, July and October; Fig. 2.1) 
coincided with a high abundance of benthic microalgae (Fig. 2b, 2e, 2h). Seasonality was highly correlated 
with the overall benthic algal community for all algal classes (GLM: p < 0.01; Table 2.2). Residuals for the 
fitted model (Table 2.2) were normally distributed. 
 
Figure 2.1 Chlorophyll-a concentrations of benthic microalgae versus depth within the stromatolite substrate in 
three barrage pools along the South African coastline from January to December 2014. The monthly 
chlorophyll-a and phaeopigment concentrations are indicated by the dashed lines (± SE). 
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Table 2.2 Generalised linear model of environmental and site parameters for the benthic algal classes at three 
stromatolites in the Eastern Cape, South Africa. Both the significance levels for the overall model as well as for 
each of the algal classes within the model are indicated. 
      Algal classes 
Parameter 
Overall 
model 
  Chlorophyta Cyanophyta Diatoms
†
 
Temperature **   * n.s. * 
Salinity ***   ** ** n.s. 
pH n.s.   n.s. n.s. n.s. 
Turbidity n.s.   n.s. n.s. n.s. 
PAR n.s.   n.s. n.s. n.s. 
Dissolved Oxygen n.s.   n.s. n.s. n.s. 
Date **   ** * ** 
Site n.s.   n.s. n.s. n.s. 
Pool n.s.   n.s. n.s. n.s. 
DIN n.s.   n.s. n.s. n.s. 
DIP n.s.   n.s. n.s. n.s. 
Significance of p-values: n.s. 'not significant', * 'p < 0.05', ** 'p < 0.01', *** 'p < 0.001' 
†Diatoms: Bacillariophyta 
 
 
Of the water parameters measured, only temperature and salinity were significantly correlated to 
community dynamics (GLM: p < 0.01; Table 2.2). Interestingly, these differed between algal classes, with 
temperature being important for chlorophytes and diatoms, but not cyanobacteria, while salinity was 
related to the abundance of all algal classes except diatoms (Table 2.2). Low temperatures and high salinity 
coincided with decreased Chlorophyta abundance while a reduced abundance of Cyanophyta occurred 
under increased saline conditions (Fig. 2.2).  
Although most of the measured water physico-chemical parameters differed significantly by site and pool 
(Table 2.1), there was no geographical or elevation effect on the stromatolite algal community (Table 2.2). 
The middle barrage pools, which contain the majority of the stromatolite material (Perissinotto et al. 
2014), had the highest chlorophyll-a concentrations and also the largest fluctuations in algal class 
abundance (Fig. 2.2). Nonetheless, between all pools and sites, Cyanophyta and diatoms remained present 
throughout the year with Chlorophyta being scarce during the winter months (May-August; Fig. 2.2). 
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Figure 2.2 Chlorophyll-a concentrations for benthic chlorophytes, cyanophytes and diatoms in three 
stromatolites off of the Port Elizabeth coastline, South Africa, from January to December 2014. The figure is 
differentiated by the three study sites (A – Cape Recife, B – Schoenmakerskop, C – Seaview) as well as the 
three pools (upper, middle “barrage” and lower) at each site. Salinity (white circles) and temperature (dark 
circles) are indicated by the dashed lines (± SD). *Diatoms: Bacillariophyta. 
 
2.4. Discussion 
Extant marine stromatolites have been marginalised to waters experiencing unfavourable physical (e.g. 
Exuma Cays, Bahamas; Eckman et al. 2008) or chemical (e.g. Shark Bay, Australia; Logan 1961) 
conditions, thereby excluding organisms which might otherwise graze or outcompete the stromatolite-
building cyanobacteria and diatoms (Riding 2011). This study demonstrates an example where modern 
stromatolites, actively accreting (in the order of 2.1-3.6 mm per year; Smith et al. 2005) in an environment 
akin to estuarine (Perissinotto et al. 2014), support a persistent microalgal community despite dynamic 
physico-chemistry. These results have important implications from a geological perspective in terms of 
CHAPTER 2: STROMATOLITE-FORMING BENTHIC MICROALGAE 
Rishworth et al. 2016 Environmental Microbiology 18:503-513 
 
GM RISHWORTH  33 
understanding fossilised stromatolite layering as well as providing a model for stromatolite growth under 
brackish water (mixohaline: salinity 0.5 – ~30) conditions. 
Modern marine stromatolites are known to support eukaryotic algae, in addition to the cyanobacteria 
considered to be primarily responsible for the layered deposition of calcium carbonate (Awramik & Riding 
1988; Bowlin et al. 2012). In fact, diatoms (Bacillariophyta), prevalent both in this study (Fig. 2.2) and in 
other marine stromatolites (e.g. Bowlin et al. 2012), may assist in stromatolite formation and diagenesis by 
trapping and binding larger sediment particles of biogenic origin through the production of extracellular 
polymeric secretions (Awramik & Riding 1988; Frantz et al. 2015). This long-term study has expanded 
upon previous preliminary observations at this site (Perissinotto et al. 2014), showing that diatoms are a 
dominant component of the benthic microalgal biomass. Chlorophyta (green algae) have been recorded in 
supratidal stromatolites with irregular marine influence (Forbes et al. 2010), with this study being the first 
to record their presence in peritidal stromatolites (see Fig. 2.2) although restricted to lower salinities. The 
cyanobacteria encountered in this study represents a similarly diverse community to other marine 
stromatolites (Foster & Green 2011) including such genera as Lyngbya, Leptolyngbya, Plectonema and 
Schizothrix (Perissinotto et al. 2014), while the composition of the complex diatom and green algae 
communities are currently being investigated in separate studies. 
The continuous presence of both diatoms and cyanobacteria is interesting from a community succession 
perspective. Bowlin et al. (2012) provide, to our knowledge, the only other continuous, long-term 
assessment of the microalgal community of a marine stromatolite. They demonstrated stochastic episodes 
of sand burial of the stromatolite accretions, often longer than a month in duration (65 ± 21 % of all 
burials), with microalgal communities differentially surviving inundation (Bowlin et al. 2012). This 
episodic burial regime has been hypothesised and tested to explain stromatolite persistence due to its 
excluding effects on other organisms, which would normally outcompete the stromatolite-forming 
cyanobacteria (Steneck et al. 1998). Although of a different nature, competitors or herbivores in the marine 
stromatolites at Shark Bay, Australia, would be excluded by the hypersaline conditions (Jahnert & Collins 
2012) in favour of the persistence of the more resilient cyanobacteria and diatoms (Awramik & Riding 
1988). As the South African stromatolites do not experience episodic burial nor hypersaline conditions, the 
factors ensuring stromatolite persistence, rather than community succession to a macroalgae dominated 
system, are likely different but as yet unknown. 
This study investigated some of these potential drivers, identifying that season, temperature and salinity 
were correlated to the microalgal community (Table 2.2). Seasonal effects also appeared to be important in 
terms of the trophic state of the community, with higher chl-a to phaeopigment ratios in winter indicating a 
higher photosynthetic potential (Dell'Anno et al. 2002), largely within the first centimetre of the 
stromatolite accretion (Fig. 2.1). Apart from the clear effect of sand inundation and emergence, Bowlin et 
al. (2012) demonstrated that seasonality, which was linked to temperature and light levels (PAR), drove 
some of the shifts in stromatolite algal abundance over time. In general, light availability is a dominant 
driver of benthic microalgal mats (MacIntyre et al. 1996). Nutrient concentrations as well as pH and 
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salinity (which both varied little: 8.1 to 8.2 and 35 to 38, respectively) did not affect the microalgal mat 
type in the Bahamas (Bowlin et al. 2012). This is in contrast to coastal lake systems where the benthic 
microalgae associated with microbialites are structured by both salinity and nutrient concentrations (John 
et al. 2009).  
The clear relationship with salinity observed in this study (Table 2.2) is likely due to the variable range 
experienced in the pools (0.7 to 33.4), transitioning between combinations of freshwater and saline 
microalgal groups. Cyclical salinity fluctuations (Fig. 2.2) are likely driven by local rainfall and ocean 
swell conditions, in combination with site-specific variability in terms of pool structure and depth (see 
Chapter 1). For instance, the higher salinities noted in the middle pools (which are generally deeper and 
therefore more stratified) during winter months is a function of frequent marine overtopping events 
(Perissinotto et al. 2014) when swell conditions are greater. Additionally, this study expands upon the 
preliminary observations made by Perissinotto et al. (2014), showing that benthic microalgae, specifically 
chlorophytes, respond differently during marine overtopping events compared to macroalgal chlorophytes 
(decreased versus increased abundance during high salinity conditions). Although experiencing less 
regular marine input, Forbes et al. (2010) also highlighted the potential effect of salinity in driving algal 
communities in supratidal stromatolites. Therefore, the results of this study are in accordance with other 
extant marine and intertidal stromatolites in terms of the environmental drivers influencing benthic 
microalgal dynamics. Interestingly, the marked range in both DIN and DIP observed in this study (Table 
2.1) did not translate to the microalgal community (Table 2.2), which might have been expected to utilise 
this incoming resource. Although a freshwater example, which would likely affect direct comparisons to 
the current study, phosphorous enrichment was significantly correlated with the prevalence of diatoms 
compared to cyanobacteria in stromatolite communities (Elser et al. 2005). Further investigations into the 
pelagic as well as the associated macrophyte communities may shed light on the possible eutrophication 
effects of these nutrients, particularly at site C which has a higher anthropogenic load (Perissinotto et al. 
2014). 
A survey of literature on modern stromatolites revealed a trend to focus on geological processes and 
interpretations relating to historical layering and diagenesis patterns (e.g. Riding 2011). The result has been 
comparatively few studies portraying the ecological role of stromatolite communities in their modern 
environments.  Perkins et al. (2012) investigated this ecological dynamic in terms of the physiology of 
stromatolite algal communities. They, informatively, demonstrated that pioneer and successional 
cyanobacterial mat types had higher productivity than their intermediate mat communities, but still lower 
productivity than eukaryote-dominated (diatoms, specifically) stromatolite mats (Perkins et al. 2012). This 
suggests an important role for stromatolite communities in coastal systems, especially in terms of the 
productivity input from different algal groups. Understanding which microalgae dominate coastal 
microbialites would be informative towards predicting the uptake and consequent availability of incoming 
nutrients in terms of primary biomass available to coastal food webs. 
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2.4.1. Conclusion 
The persistence of both cyanobacteria and diatoms within actively accreting marine stromatolites, both 
important components of non-laminated benthic microbial mats (MacIntyre et al. 1996; Sundbäck & 
McGlathery 2013), suggests an interesting dynamic. As the conditions suiting stromatolite formation in 
other marine stromatolites (Logan 1961; Eckman et al. 2008; Jahnert & Collins 2012) do not fully explain 
their existence in the South African sites, other factors must be acting. Theoretically, any cyanobacteria 
and/or diatom benthic mat capable of binding and trapping sediment could create a microbialite (Elizabeth 
et al. 2011), yet most do not form lithified, laminated structures for reasons such as bioturbation (Steneck 
et al. 1998) or community succession (Sundbäck & McGlathery 2013). The ecological refuge which is 
enabling the stromatolites to form and persist in South Africa may be related to the calcium carbonate 
input from freshwater streams (Smith et al. 2011; Perissinotto et al. 2014) and the dynamic interaction 
between this and seawater at the intertidal interface. 
Calcium carbonate precipitation by microbial organisms is a key component of stromatolite formation 
(Reid et al. 2000; Dupraz et al. 2009; Riding 2012) and it appears that the stromatolite-forming microalgae 
are acting as ecosystem engineers in constructing barrage pools with biologically-constructed rimstone 
dams (Forbes et al. 2010; Smith et al. 2011) that act to concentrate the calcium carbonate. These 
circumstances, which suit stromatolite formation, together with the regular saltwater mixing of the 
inflowing groundwater, create dynamic peritidal estuarine-like conditions (Perissinotto et al. 2014) with 
salinity gradients (see Table 2.2) that drive halotolerant biological communities but likely preclude the 
establishment of successional, climax macroalgal communities. Future studies should focus upon 
understanding the dynamics of calcium carbonate inflow and precipitation, through the measurement of 
such conditions as carbonate alkalinity (Dupraz et al. 2009), as well as the factors, both biological and 
environmental, controlling all trophic assemblages and their interactions with stromatolites in these unique, 
peritidal ecosystems. 
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CHAPTER 3 
PHYTOPLANKTON COMMUNITY DYNAMICS WITHIN PERITIDAL POOLS ASSOCIATED 
WITH LIVING STROMATOLITES AT THE FRESHWATER-MARINE INTERFACE 
------------------------------------------- 
Submitted and in press: Rishworth, GM, Perissinotto, R, Miranda, NAF, Bornman, TG, & Steyn, PP. 
2016. Phytoplankton community dynamics within peritidal pools associated with living stromatolites at the 
freshwater-marine interface. Aquatic Sciences (in press) doi: 10.1007/s00027-016-0502-3 
------------------------------------------- 
Recently-discovered peritidal stromatolite ecosystems in South Africa form at the interface of freshwater 
seeps and the ocean intertidal zone, share several similarities with both tidal pool and estuarine 
ecosystems. While the overall ecology of tidal rock pools has been well studied, the dynamics of the 
phytoplankton assemblage has been comparatively neglected. In addition, there are no studies to date 
which describe the dynamics of phytoplankton within a habitat associated with stromatolites. The aim of 
this study was to investigate the coarse-scale phytoplankton community composition of a series of peritidal 
pools associated with living stromatolites, using a spectral fluorescence analysis tool in relation to source-
specific drivers related to both freshwater and marine forces. Three sites were sampled monthly from 
January to December 2014. Physico-chemical, biotic and meteorological parameters were recorded to 
assess some of the factors which might influence the phytoplankton size-fractionation and community 
composition using a generalised linear modelling (GLM) approach. Results indicate that fresh or marine 
pool state, temporal differences associated with season, macronutrients (N and P), and benthic microalgal 
biomass are important drivers of the phytoplankton assemblages. Specifically, a transition from fresh to 
marine pool conditions resulted in an increased abundance of smaller phytoplankton size fractions and a 
shift from Chlorophyta and Cyanophyta to Bacillariophyta and Cryptophyta. Overall, the community was 
dominated by Chlorophyta and Bacillariophyta. There was consistency between the drivers and 
composition of the phytoplankton community compared to those from the few other comparable published 
studies. Furthermore, this study demonstrates a system which is dominated by benthic rather than pelagic 
microalgae in terms of biomass, thereby supporting the persistence of actively accreting stromatolites. 
3.1. Introduction 
While scarce in most modern ecosystems, apart from those where disruption by competition, grazing or 
bioturbation is restricted (Riding 2006; Mata & Bottjer 2012), microbialites once dominated Precambrian 
oceans (Riding 2000) and the cyanobacteria which formed these structures are thought to have facilitated 
the transition to modern atmospheric oxygen-rich conditions (Dismukes et al. 2001). Extant, living 
microbialites can therefore act as interesting analogues to those which existed during the early evolution of 
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life on earth. Along a 200 km stretch of the South African coastline, actively accreting tufa stromatolites 
(layered microbialites) have recently been discovered (Smith & Uken 2003; Perissinotto et al. 2014) which 
are thought to closely resemble some of the oldest (approximately 3.43 Ga.) fossilised stromatolite 
examples known (Smith et al. 2011). As is typical of stromatolites, these form through the layered 
deposition of calcium carbonate, principally by cyanobacteria (Reid et al. 2000; Riding 2012), and the 
trapping and binding of sediment by microalgae (Frantz et al. 2015).  
Occupying the peritidal zone at locations where freshwater dune seeps flow into the ocean, the conditions 
within the South African peritidal stromatolite pools uniquely reflect both estuarine systems and typical 
intertidal habitats (Perissinotto et al. 2014; Rishworth et al. 2016c). An estuarine salinity gradient forms 
from the freshwater-dominated upper pools, flowing into a predominantly brackish stromatolite barrage 
pool (sensu Forbes et al. 2010) where the majority of microbialite accretion occurs, and culminates in the 
typically marine lower pools. This provides an interesting site in which to investigate two poorly-studied 
elements of microbialite and coastal ecology: (1) to our knowledge, there is no published literature on the 
community dynamics of the phytoplankton directly associated with living stromatolites; and (2) the unique 
convolution where freshwater inlet streams encounter the ocean creates both an estuarine-like system and a 
series of intertidal rock pools (Perissinotto et al. 2014), thereby acting as a suitable site on which to expand 
on the depauperate knowledge state of tidal pool phytoplankton dynamics (Häggqvist & Lindholm 2015).  
The intertidal zone has long intrigued biologists interested in investigating the effects of the harsh, exposed 
conditions on organisms within this transitional environment between land and sea (Dayton 1971; Paine 
1974). Common to rocky coastlines are intertidal pools, representing unique aquatic habitats which are 
periodically isolated from the ocean. The capacity of these pools to retain water allows intertidal organisms 
to remain submerged during low tide, thereby escaping desiccating conditions if they are tolerant of 
occasionally escalated temperatures and salinity (Huggett & Griffiths 1986). The biological ecology 
(Menge 2000; Nielsen 2001; Martins et al. 2007) and nursery function (Beckley 1985; Krück et al. 2009) 
of tidal pools has been well-studied. However, surprisingly few studies have been directed towards 
understanding the community drivers of their phytoplankton assemblages (Metaxas & Scheibling 1996; 
Johnson 2000; Häggqvist & Lindholm 2015).  
Phytoplankton communities within the intertidal zone appear to be distinct from those of the adjacent 
coastal ocean (Johnson 2000). The diversity of forms (depth, shape, size) of intertidal rock pools 
contributes towards a generally high alpha and beta phytoplankton diversity within and between pools 
(Metaxas & Scheibling 1996; Häggqvist & Lindholm 2015). Phytoplankton groups commonly encountered 
include Heterokontophyta, Cryptophyta, Chlorophyta, Cyanophyta, Dinoflagellata and Charophyta 
(Metaxas & Scheibling 1996; Johnson 2000; Perissinotto et al. 2014; Häggqvist & Lindholm 2015). The 
microalgal community is driven by both biotic and abiotic factors (Metaxas & Scheibling 1996) with pool 
depth (Metaxas & Scheibling 1993), available nutrients (Häggqvist & Lindholm 2015) and the elevation of 
the pool in relation to the high water mark (Johnson 2000) being some of the dominant bottom-up 
community controls. The shallowness of pools typical in the intertidal may contribute towards 
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exacerbating the competition between benthic, pelagic and metaphytic algae (Naselli-Flores & Barone 
2012) in these dynamic habitats. From a biological, top-down control perspective, apart from the grazing 
pressures placed upon phytoplankton (Metaxas & Scheibling 1996), invertebrates can contribute in these 
intertidal systems by increasing the availability of nutrients (Pfister 2007) which would thereby benefit the 
microalgae.  
Due to the unique position of the recently-discovered South African stromatolite pools between contrasting 
freshwater and marine environments (Smith & Uken 2003; Perissinotto et al. 2014), the aim of this study 
was to characterise the phytoplankton assemblage in terms of the physical forces exerted by these two 
discrete neighbouring habitats. To achieve this aim, the following two objectives were outlined: (1) to 
determine whether marine saltwater incursion into a system which receives a consistent freshwater input 
results in a significant shift in phytoplankton biomass and community composition, and (2) to determine 
the extent with which other measured biotic and abiotic variables originating from neighbouring 
ecosystems (such as nutrient inputs) might contribute towards the shifts in phytoplankton class 
composition and size fractions. This study therefore addresses important knowledge gaps in the 
relationships of phytoplankton within a microbialite ecosystem and it also expands on the few studies of 
tidal pool phytoplankton ecology (Metaxas & Scheibling 1996; Johnson 2000; Häggqvist & Lindholm 
2015).  
3.2. Materials and Methods 
Three representative coastal tufa stromatolite pools near Port Elizabeth were selected, situated along a 
gradient of low (Site A, Cape Recife; 34°02’42.13’S, 25°34’07.50’’E), moderate (Site B, 
Schoenmakerskop; 34°02’28.23’’S, 25°32’18.60’’E) and high (Site C, Seaview; 34°01’03.16’’S, 
25°21’56.48’’E) anthropogenic influence and nutrient input (Perissinotto et al. 2014) (Fig. 1.1).  Samples 
were collected from January to December 2014 during the first monthly tidal phase when low tide was at 
approximately 08:00 AM. All sites were characterised by a network of freshwater-dominated upper pools 
(‘landward’) into which the dune inlet seep flowed, middle barrage pools (‘main’) where stromatolite 
accretion was concentrated and finally lower pools (‘seaward’) which were largely marine-dominated and 
closest to the ocean (Perissinotto et al. 2014). Data were collected from each of the three pool types at each 
site during all monthly sampling occasions. 
3.2.1. Physical data 
During each sampling event, physico-chemical parameters were collected in each pool using a YSI 6600-
V2 multiprobe system (YSI Incorporated, Yellow Springs, OH, USA) which included temperature, 
salinity, depth, pH, turbidity (NTU) and dissolved oxygen (mg.l
-1
). Photosynthetically active radiation 
(PAR, 400 to 700 nm) and a measure of light depth penetration, the diffusive attenuation coefficient (Kd) 
(Kirk 1994), were assessed in each of the upper, middle and lower pools using a light meter (LI-250A, LI-
COR® Inc., Lincoln, Nebraska, USA) fitted with a LI-193SA Underwater Spherical Quantum Sensor. Kd 
(m
-1
) was estimated using the equation: Kd = -ln (Iz2/Iz1)/(z2 - z1) where Iz2 = irradiance (μmol m
-2
 s
-1
) at 
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depth z2 (m), Iz1 = irradiance at depth z1. Nutrient concentrations in terms of dissolved inorganic nitrogen 
(DIN) and phosphorus (DIP) were established from 250 ml aliquots of pool water filtered through 
Whatman© glass-fibre filters (GF/F) using standard spectrophotometric methods (ammonium, NH4
+
 and 
soluble reactive phosphorus) (Parsons et al. 1984) and the reduced copper cadmium method (nitrates, NO3
-
 
and nitrites NO2
-
) (Bate & Heelas 1975). Further details on physico-chemical and nutrient data are 
presented in Rishworth et al. (2016c). Local hourly rainfall and ambient temperature data were obtained 
from the South African Weather Service (SAWS). Swell height in close proximity to Port Elizabeth was 
obtained from the South African Environmental Observation Network (SAEON). 
3.2.2. Biological data 
Phytoplankton biomass was expressed as chlorophyll-a (chl-a) concentration. Water was collected from 
each of the three pools in 10 L plastic buckets, thereby comprising a representative sample of pool water 
volume (Perissinotto et al. 2014). A 300 ml aliquot was sequentially filtered through a 20 μm Nitex, 2.0 
μm Millipore TTTP and finally a GF/F filter to obtain the fractionated micro-, nano- and 
picophytoplankton size-fractions, respectively. A further 300 ml aliquot was filtered through a GF/F filter 
to obtain total phytoplankton biomass. Pigments were extracted from the filters in 8 ml 90 % acetone for 
48 h and the fluorescence readings (chl-a and phaeopigments) recorded on a Turner 10-AU narrow-band 
system (Turner Designs, Sunnyvale, CA, USA) were converted to concentrations following the standard 
equations of Strickland & Parson (1972). Stromatolite benthic microalgal biomass (total chl-a) for each 
pool was measured as described above, from triplicate 2.27 cm
2
 surface scrapes each extracted in 30 ml 90 
% acetone for 48 h. Macroalgal biomass in each pool was estimated using visual quadrat (40 x 40 cm) area 
cover. 
The phytoplankton class composition within the three pool types at each site was determined through 
fluorometric analysis using a bbe Moldaenke FluoroProbe (bbe Moldaenke GmbH, Schwentinental, 
Germany). The FluoroProbe uses spectral fluorescence to discriminate between algal classes (namely, 
Chlorophyta, Cyanophyta, Bacillariophyta and Cryptophyta as well as yellow substances or dissolved 
organic matter) through characteristic accessory pigment excitation (Beutler et al. 2002; Catherine et al. 
2012).  
3.2.3. Data analysis 
All multivariate data were analysed in R (R Core Team 2016) using the community analysis package 
‘mvabund’ (Wang et al. 2012). A generalised linear model (GLM) using the ‘manyglm’ function (10,000 
resamples, negative binomial family for the response variables) was fitted separately to both the 
phytoplankton community and size-fractionated biomass, using the aforementioned physico-chemical, 
meteorological and biological (benthic microalgae and macroalgae) parameters as well as date (as a 
categorical factor) and pool depth as predictor variables. Site interacting with elevation was specified in a 
block design (Warton et al. 2015) to account for repeated measures as well as spatial and temporal 
autocorrelation. Meteorological parameters were averaged (temperature and swell) or summed (rainfall) 
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for the week prior to sampling. Salinity measurements were used as a factorial proxy for the state of the 
stromatolite pools in both models, denoted as ‘fresh’ when the salinity was less than 5 with no obvious 
halocline developed between surface and suprabenthic water (Perissinotto et al. 2014) and otherwise as 
‘marine’-influenced. This facilitated model interpretation in terms of the effect of these two contrasting 
pool states on the phytoplankton community. Furthermore, salinity modelled as a factor rather than as a 
continuous variable explained the residual variability better, as adjudged by Akaike information criterion 
(AIC) estimates (Zuur et al. 2009). Collinearity between predictor variables was assessed using Pearson’s 
correlation coefficients (r) and variance inflation factors (VIFs), with variables exhibiting high collinearity 
(r ≥ 0.7; VIF ≥ 4) omitted from analysis (Zuur et al. 2009). Predictor importance was assessed using the 
‘drop1’ function, which compared the AIC score of all models with single response variables omitted 
(single-term deletions), to the model with all terms included (full model). Response terms were then singly 
omitted from the full model if their deletion substantially lowered the AIC score. This process was 
repeated on each revised full model until the AIC was not improved (ΔAIC ≤ 2) following any further 
single-term deletions, thereby comprising the most parsimonious model. Residuals for both of these size 
fractionation and community composition phytoplankton models were normally distributed, thereby 
ensuring that no assumptions were violated for ‘mvabund’ GLMs (Wang et al. 2012). Vertically-integrated 
chl-a concentrations were calculated from the average of the three replicate phytoplankton biomass 
measurements from each pool, expressed as a function of pool depth. All data are expressed as mean ± SD. 
3.3. Results 
Abiotic variables measured in each peritidal stromatolite pool reflected known site-specific trends, 
specifically related to decreasing nutrient gradients from Seaview (site C) to Cape Recife (site A) (Fig. 
3.1). Additionally, colder months (winter and autumn) were separated according to pool temperature, with 
overlap observed amongst sites in terms of abiotic variables (Fig. 3.1).  
Monitored peritidal stromatolite pools experienced little temporal variation in maximum depth, with those 
exhibiting maximum stromatolite growth (main/middle pools) usually being deeper than seaward or 
landward pools (Table 3.1). Pools at Seaview were also usually deeper compared to those at Cape Recife 
and Schoenmakerskop (Fig. 3.1; Table 3.1). Being shallow (≤ 0.7 m), ambient light remained readily 
available within all pools, diminishing to ≤ 50 % of surface irradiance at the benthic interface in only 5 % 
of samples (Table 3.2). Generally, site C had clearer water conditions (lower Kd) than both other sites, with 
light attenuation being greatest predominantly during the warmer months, from September to March 
(Table 3.2).  
Meteorological parameters reflected the following typical geographical trends (Table 3.3). Rainfall 
occurred year-round, with two peaks in autumn (March-April) and spring (September-October). Ambient 
temperatures, especially apparent in the minimum values recorded, were warmer during the summer 
months (December to February) and coldest during winter (June to August). Ambient temperature 
reflected the highest correlation to other measured predictor variables, as well as the highest VIF (4.5; all 
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other variables were ≤ 3.6), and therefore was omitted from GLM analyses to avoid collinearity violations. 
Ocean swell height peaked during winter but otherwise was consistent throughout the year (Table 3.3). 
 
 
Figure 3.1 A principal components analysis (PCA) plot for all abiotic variables measured at the three 
stromatolite sites during 2014. Samples (n = 108) are differentiated according to colours (site) and shapes 
(season: summer/spring, September to February; winter/autumn, March to August). Variables were mean-
centred prior to analysis. Eigenvalue loading vectors are also shown. The first two principal component (PC) 
axes explain 45.8 % of the total variance (PC1 = 27.9 %; PC2 = 17.9 %). DIN: dissolved inorganic nitrogen, 
DIP: dissolved inorganic phosphorus, Kd: light attenuation coefficient, DO: dissolved oxygen. 
 
Table 3.1 Mean pool depth (± SD) at each stromatolite sampling location, measured monthly from January to 
December 2014. 
  Pool Depth (m) 
Cape Recife (A) Landward 0.33 (± 0.04) 
  Main 0.50 (± 0.03) 
  Seaward 0.22 (± 0.02) 
Schoenmakerskop (B) Landward 0.30 (± 0.04) 
  Main 0.35 (± 0.06) 
  Seaward 0.41 (± 0.08) 
Seaview (C)  Landward 0.31 (± 0.05) 
  Main 0.60 (± 0.14) 
  Seaward 0.54 (± 0.11) 
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Table 3.2 Light attenuation coefficient (Kd; m
-1
) and the proportion of surface light penetrating to the benthic-
water interface (indicated in parentheses) for each pool during all sampling occasions in 2014. 
 Cape Recife (A)  Schoenmakerskop (B)  Seaview (C) 
 Landward Main Seaward  Landward Main Seaward  Landward Main Seaward 
January 1.81  
(0.83) 
1.19 
(0.55) 
2.41  
(0.79) 
 4.60  
(0.40) 
0.84 
(0.85) 
0.86  
(0.96) 
 0.18  
(0.97) 
0.21 
(0.90) 
0.23  
(0.93) 
February 0.32  
(0.91) 
0.48 
(0.89) 
2.15  
(0.65) 
 0.78  
(0.86) 
1.55 
(0.63) 
0.44  
(0.84) 
 0.42  
(0.88) 
0.40 
(0.82) 
0.47  
(0.79) 
March 2.84  
(0.43) 
1.04 
(0.66) 
0.90  
(0.84) 
 1.14  
(0.71) 
0.93 
(0.76) 
0.65  
(0.88) 
 0.69  
(0.87) 
0.39 
(0.82) 
1.21  
(0.55) 
April 0.93  
(0.95) 
0.13 
(0.94) 
1.57  
(0.85) 
 0.45  
(0.87) 
1.08 
(0.72) 
0.22  
(0.92) 
 1.39  
(0.76) 
1.99 
(0.55) 
0.38  
(0.83) 
May 1.94  
(0.82) 
0.36 
(0.83) 
4.04  
(0.67) 
 0.98  
(0.82) 
0.10 
(0.97) 
0.48  
(0.87) 
 0.52  
(0.86) 
0.79 
(0.73) 
0.30  
(0.86) 
June 0.67  
(0.87) 
0.49 
(0.78) 
0.47  
(0.91) 
 0.30  
(0.94) 
0.85 
(0.84) 
0.97  
(0.75) 
 2.84  
(0.43) 
0.39 
(0.82) 
0.05  
(0.97) 
July 1.29  
(0.68) 
1.08 
(0.65) 
0.86  
(0.96) 
 0.30  
(0.94) 
0.72 
(0.81) 
0.33  
(0.88) 
 0.31  
(0.91) 
0.30 
(0.86) 
1.34  
(0.51) 
August 1.18  
(0.70) 
0.68 
(0.76) 
0.88  
(0.91) 
 0.77  
(0.79) 
0.65 
(0.82) 
0.79  
(0.79) 
 0.80  
(0.85) 
0.27 
(0.90) 
0.32  
(0.85) 
September 0.29  
(0.92) 
0.89 
(0.77) 
0.38  
(0.96) 
 1.13  
(0.80) 
0.40 
(0.92) 
2.39  
(0.62) 
 0.89  
(0.84) 
1.34 
(0.58) 
1.43  
(0.65) 
October 0.91  
(0.91) 
0.28 
(0.94) 
2.20  
(0.90) 
 2.77  
(0.76) 
1.84 
(0.83) 
0.46  
(0.91) 
 0.56  
(0.89) 
0.37 
(0.89) 
0.26  
(0.93) 
November 1.36  
(0.66) 
0.80 
(0.73) 
0.24  
(0.95) 
 4.79  
(0.24) 
6.05 
(0.16) 
0.41  
(0.85) 
 1.17  
(0.70) 
1.17 
(0.49) 
1.16  
(0.56) 
December 1.59  
(0.73) 
2.13 
(0.34) 
2.84  
(0.57) 
 0.61  
(0.83) 
1.06 
(0.73) 
1.57  
(0.53) 
 1.76  
(0.59) 
0.74 
(0.64) 
1.07  
(0.65) 
 
Table 3.3 Meteorological parameters recorded near Port Elizabeth, South Africa, during the week prior to each 
sampling event. Precipitation is measured as total rainfall while ambient temperature and ocean swell height are 
averaged (minimum and maximum values are indicated in parentheses). 
  Rainfall (mm) Ambient temperature (°C) Swell (m) 
January 0.0 23.3 (17.1 - 28.8) 2.3 (1.9 - 3.4) 
February 6.0 21.2 (12.4 - 27.5) 2.6 (2.0 - 3.6) 
March 30.0 19.7 (14.0 - 26.1) 2.8 (1.9 - 4.7) 
April 20.8 18.3 (11.9 - 24.9) 2.8 (2.3 - 4.3) 
May 9.2 17.3 (11.6 - 24.6) 3.8 (2.3 - 5.6) 
June 15.2 13.0 (2.6 - 25.9) 4.4 (2.1 - 7.7) 
July 17.2 12.6 (5.9 - 30.4) 3.7 (2.3 - 6.8) 
August 2.0 15.2 (5.3 - 20.6) 2.7 (1.7 - 4.0) 
September 20.6 15.0 (5.9 - 25.5) 3.0 (1.7 - 5.7) 
October 37.2 16.4 (7.5 - 28.0) 2.8 (2.3 - 3.9) 
November 4.8 17.8 (14.1 - 24.7) 2.9 (2.0 - 3.8) 
December 9.4 18.9 (11.8 - 25.2) 2.6 (1.8 - 4.1) 
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The phytoplankton community was variable in terms of size fractions, both temporally and amongst pools 
between sites (Fig. 3.2a). Generally, seaward lower pools had a greater phytoplankton biomass overall. 
Winter months (May to July) reflected the lowest overall phytoplankton biomass across all study sites (Fig. 
3.2a).  
 
 
Figure 3.2 Temporal chlorophyll-a concentration of pico- (<2 μm; black). nano- (2-20 μm; white) and 
microphytoplankton (>20 μm; grey) within the seaward (lower), main (middle) and landward (upper) 
stromatolite pools (a). The dotted line indicates the mean total phytoplankton chlorophyll-a for the respective 
pool. Sampling months during 2014 are denoted by their first letter. The estimated coefficient for ‘Date’ of all 
measured algal size classes (b) from the most parsimonious model (Table 3.4) is also shown; January is the 
reference month. 
 
The trends in phytoplankton biomass (Fig. 3.2a) were consequently reflected in the most parsimonious 
model for phytoplankton size fraction, with sampling date being an important predictor (explaining 57 % 
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of the total deviance), especially in the smallest size class (< 2 μm), where a peak in abundance was 
demonstrated during autumn (March to May) in all pools (Table 3.4; Fig. 3.2b). Larger phytoplankton size 
classes reflected a decrease in biomass during autumn and winter months (Fig. 3.2b). In addition to date, 
salinity (reflected as marine or freshwater pool state), nutrient concentrations (DIN and DIP), dissolved 
oxygen, pH, turbidity and benthic microalgal biomass were important predictors for the phytoplankton size 
composition models (Table 3.4). Marine conditions resulted in a decreased abundance of 
microphytoplankton and an increase in the two smaller size classes (Table 3.4). Phytoplankton biomass 
was inversely related to DIN for all three size classes but demonstrated a significant positive relationship 
with DIP and microphytoplankton (Table 3.4). In most instances, peaks in temporal phytoplankton 
biomass appeared to comprise predominantly microphytoplankton in upper landward pools and the smaller 
size classes (nano- and picophytoplankton) in middle to lower seaward pools (Fig. 3.2a). 
 
Table 3.4 Generalised linear model of phytoplankton size classes within three stromatolite pools for the most 
parsimonious model (AIC = 3236.5). Site interacting with pool elevation is specified as a block design to 
account for repeated measures. Significance levels for Wald test statistics, model coefficients (C; SE in 
parentheses) and the deviance explained (D) for all predictors for both the overall multivariate and size-specific 
univariate models are indicated. DIN: dissolved inorganic nitrogen, DIP: dissolved inorganic phosphorus, MPB: 
microphytobenthos. 
  
    
Phytoplankton size class 
  Overall 
 
Microphytoplankton  
(>20 μm) 
Nanophytoplankton  
(2-20 μm) 
Picophytoplankton  
(<2 μm) 
Parameter df P D 
 
C (SE) P D C (SE) P D C (SE) P D 
Intercept 1 ***  7.69 
(2.14) 
**  7.55 
(1.63) 
**  5.27 
(1.43) 
**  
Saline 
state
Marine
 
1 *** 16.0  -0.40 
(0.24) 
0.200 0.8 0.64 
(0.18) 
* 15.2 0.78 
(0.15) 
** 0.0 
DO 1 ** 6.2  0.04 
(0.04) 
0.371 0.1 0.13 
(0.03) 
*** 4.0 0.08 
(0.02) 
* 2.1 
pH 1 0.132 21.8  -0.32 
(0.28) 
0.391 5.4 -0.48 
(0.21) 
0.165 8.7 -0.30 
(0.19) 
0.343 7.6 
Turbidity 1 ** 28.0  0.30 
(0.06) 
** 16.6 0.11 
(0.05) 
° 5.7 0.07 
(0.04) 
0.145 5.7 
DIN 1 *** 39.0  -0.004 
(0.001) 
** 18.3 -0.002 
(0.001) 
** 18.8 -0.002 
(0.001) 
** 1.9 
DIP 1 0.112 17.3  1.42 
(0.48) 
* 8.2 0.36 
(0.36) 
0.580 0.3 -0.13 
(0.32) 
0.730 8.8 
MPB 
biomass 
1 ° 7.4  -0.001 
(0.001) 
° 2.6 -0.0008 
(0.0004) 
0.140 0.3 -0.0004 
(0.0003) 
0.280 4.6 
Date
‡
 11 - 181.7  - - 26.1 - - 33.6 - - 122.0 
Total 
Deviance 
  317.4    78.1   86.6   152.7 
Significance of P-values: ° P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001 
‡Date: please refer to Fig. 3.2b for parameter monthly coefficients 
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In terms of phytoplankton algal class composition, there was a strong temporal (‘Date’; 73 % of total 
deviance explained) as well as salinity (pool state), nutrient (DIN and DIP) and benthic microalgal biomass 
effect on the overall model (Table 3.5). Cyanophyta and Cryptophyta demonstrated clear trends related to 
sampling month, whereby both groups were most abundant from winter to early summer, apart from the 
lower seaward pool at site A (June to December; Fig. 3.3a and 3.3b). Periods of marine-influenced pool 
state corresponded with decreased Cyanophyta and increased Cryptophyta proportional biomass (Table 
3.5). Chlorophyta and Bacillariophyta proportional biomass decreased and increased, respectively, under 
marine conditions, but these trends were not significant (Table 3.5). DIP was significantly related to 
phytoplankton community composition (15 % of total deviance explained), reflecting inverse trends with 
diatoms most notably (Table 3.5). The proportion of yellow substances (dissolved organic matter) 
remained roughly consistent throughout the year although site C, particularly in its upper landward pools, 
supported higher concentrations (Fig. 3.3a). Elevated peaks in phytoplankton biomass which were 
observed temporally (Fig. 3.2a) appeared to consist predominantly of Chlorophyta and Bacillariophyta 
(Fig. 3.3a).  
 
Table 3.5 Generalised linear model of phytoplankton class proportional contribution within three stromatolite 
pools for the most parsimonious model (AIC = 3151.8). Significance levels for Wald test statistics, model 
coefficients (C; SE in parentheses) and the deviance explained (D) for all predictors for both the overall 
multivariate and size-specific univariate models are indicated. DIN: dissolved inorganic nitrogen, DIP: 
dissolved inorganic phosphorus, MPB: microphytobenthos. 
  
    
Algal class 
   Overall 
 
Chlorophyta Cyanophyta Diatoms† Cryptophyta 
Parameter df P D 
 
C (SE) P D C (SE) P D C (SE) P D C (SE) P D 
Intercept 1 ***  4.13 
(0.32) 
***  1.11 
(0.58) 
°  3.67 
(0.67) 
***  -0.08 
(0.86) 
0.880  
Saline 
state
Marine
 
1 * 11.3  -0.16 
(0.19) 
0.584 0.9 -0.90 
(0.31) 
* 6.0 0.10 
(0.40) 
0.805 0.1 1.22 
(0.44) 
* 4.2 
DIN 1 * 7.1  -0.0003 
(0.0006) 
0.843 1.4 -0.004 
(0.001) 
** 1.2 -0.0001 
(0.0012) 
0.964 3.9 -0.001 
(0.001) 
0.698 0.6 
DIP 1 *** 25.4  0.49 
(0.38) 
0.526 1.0 0.68 
(0.63) 
0.574 0.3 -5.94 
(1.08) 
*** 24.0 -0.74 
(0.91) 
0.574 0.0 
MPB 
biomass 
1 * 1.1  0.0009 
(0.0004) 
0.214 0.0 0.0012 
(0.0007) 
0.241 0.0 -0.0013 
(0.0009) 
0.241 1.0 -0.002 
(0.001) 
0.214 0.0 
Date
‡
 11 - 120.2  - - 14.1 - - 40.9 - - 5.0 - - 60.1 
Total 
deviance 
  165.1    17.4   48.5   34.1   65.0 
Significance of P-values: ° P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001 
†Diatoms: mostly Bacillariophyta 
‡Date: please refer to Fig. 3.3b for parameter monthly coefficients 
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Figure 3.3 Monthly proportional phytoplankton algal class composition (Chlorophyta, green; Cyanophyta, blue; 
Bacillariophyta, red; Cryptophyta, purple; and dissolved organic matter [DOM], yellow) within the seaward 
(lower), main (middle) and landward (upper) stromatolite pools (a). The estimated coefficient for ‘Date’ of all 
measured algal classes (b) from the most parsimonious model (Table 3.5) is also shown; January is the reference 
month. *the coefficient for February and April for Cryptophyta is reflected as zero as this phytoplankton class 
was absent from all samples during these months. Sampling months during 2014 are denoted by their first letter.  
 
No measured meteorological or ocean parameters, nor macroalgal cover were significantly related to 
phytoplankton dynamics (Table 3.4 and 3.5). Throughout the sampling year there existed a high ratio of 
benthic algal biomass over phytoplankton biomass (Fig. 3.4). This ratio was lower at all three sites during 
autumn (March to May), otherwise fluctuating throughout the year from one to four orders of magnitude 
more microphytobenthic (MPB) biomass than phytoplankton biomass (Fig. 3.4). Interestingly, MPB 
biomass was an important predictor for both the phytoplankton size biomass and class proportional 
models, reflecting a weak inverse relationship with biomass (Table 3.4) and a variable relationship 
between the four measured algal classes (Table 3.5). 
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Figure 3.4 Temporal microphytobenthic to vertically-integrated chlorophyll-a (mg.m
-2
) ratios for the three 
stromatolite pool types (left graphs: lower, seaward; middle, main; upper, landward) and sampling locations 
(right graphs: Cape Recife, Schoenmakerskop and Seaview). Sampling months during 2014 are denoted by their 
first letter. Box-plots are represented as the minimum, first quartile, median, third quartile and maximum data 
for each sampling occasion. 
 
3.4. Discussion 
Coastal stromatolite pools occurring in South Africa represent interface ecosystems, situated at the 
convergence of contrasting environments where fresh, inflowing groundwater meets tidal- and storm-
induced saline, marine overtopping events. It is this interesting interaction which likely sustains the living 
stromatolite persistence (Perissinotto et al. 2014; Rishworth et al. 2016c) and for the purposes of the 
current study is the framework upon which the dynamics of the phytoplankton assemblages were assessed. 
Using salinity as a proxy to assign the state of each pool, as well as habitat-specific forces such as rainfall, 
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ocean swell conditions and nutrient inputs, this study was able to investigate the relative influences of both 
the fresh and marine environments on phytoplankton community changes.  
3.4.1. Habitat-specific drivers of community variability 
The marine environment is known to affect tidal pool plankton community dynamics through the effects of 
coastal storms (Johnson 2000), especially in terms of introducing species usually common in open-marine 
environments (Metaxas & Scheibling 1996). This study found little evidence for the influence of stormy 
seas (high swell conditions) on phytoplankton community dynamics. Seawater overtopping events usually 
occur during the spring high tide cycle, with the pools reverting to less saline conditions within one to 
three days depending on swell and freshwater inflow conditions (see Chapter 1). While it is likely that 
spring tide or storm surges might introduce prevalent marine species, such as diatoms (seaward, lower 
pools; Fig. 3.3a) which are a locally-common and abundant coastal phytoplankton group (Mitchell-Innes 
1988; Barlow et al. 2010), the counteracting effect of constant freshwater inflow appeared to dampen these 
potential oceanic effects, which might otherwise have been important if the pools were stagnant. The lack 
of any convincing elevational effect (Johnson 2000; Häggqvist & Lindholm 2015) demonstrated by 
similarities between upper, middle and lower pools related to sampling site (Fig. 3.2a and 3.3a) suggests 
the homogenising effect of the constant freshwater flow on the phytoplankton community composition. 
When saltwater incursion shifted the prevailing state of the pools from fresh to marine, the effect was seen 
in a change in both phytoplankton algal class composition (Table 3.5) and biomass (Table 3.4), with the 
biomass of nano- and picophytoplankton increasing noticeably (Table 3.4) as well as Cyanophyta 
proportional abundance decreasing and Cryptophyta abundance increasing significantly under saline 
conditions (Table 3.5).  
Estuaries, specifically those with temporarily open-closed mouth states which experience occasional rather 
than continuous tidal ocean exchange, are comparable to the peritidal stromatolite pools in terms of salinity 
gradients but not necessarily in terms of scale (several metres in the stromatolite systems as compared to 
hundreds of metres to kilometres in estuaries). In general, microalgal dynamics within estuaries are driven 
by the availability of light as well as nutrients, principally DIN and DIP (Adams et al. 1999; Nozais et al. 
2001). Both riverine flow into estuaries (Gobler et al. 2005) and groundwater discharge (Burnett et al. 
2001; Slomp & Van Cappellen 2004), the latter of which provides the carbonate-rich freshwater input to 
the stromatolite pools (Smith et al. 2011; Perissinotto et al. 2014), are important sources of DIN which 
promote productivity within estuaries (Adams et al. 1999) and surrounding coastal environments 
(Johannes 1980). Furthermore, organic pollutants and fertilizers can enter into these freshwater pathways, 
enriching productivity and facilitating eutrophication in some instances (Slomp & Van Cappellen 2004; 
Lemley et al. 2015). During our study, a clear nutrient-driven effect was observed on the phytoplankton 
community in the stromatolite pools (Table 3.4 and 3.5). With DIN concentrations consistently exceeding 
2 μM and DIP concentrations often below 0.2 μM, especially at site A and B (see Table 1 in Rishworth et 
al. 2016c), primary production in the stromatolite pools would not have been N-limited but rather P-
limited (Fisher et al. 1988). A similar scenario is observed in some temporarily open-closed estuaries 
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where phytoplankton nutrient-limited conditions, usually in terms of DIP, are observed during mouth 
closure (Nozais et al. 2001) with the ocean connection being an important phosphorus source (Gobler et al. 
2005). There clearly exists an interesting dynamic in terms of freshwater and marine nutrient inputs into 
the stromatolite systems and another study is currently underway to thoroughly elucidate this (see Chapter 
1).  
Further contributing to nutrient dynamics in the stromatolite pools is the low water retention time caused 
by the constant freshwater inflow, which likely inhibits the ability of phytoplankton to utilise incoming 
nutrient sources (Adams et al. 1999). This is a key difference between the stromatolite pools and tidal 
pools or estuaries. Stagnant water conditions typically experienced in tidal pools (Häggqvist & Lindholm 
2015) and during mouth closure in estuaries (Thomas et al. 2005) can facilitate nutrient retention and 
accumulation, while daily tidal water exchange in open estuaries (Gobler et al. 2005) can facilitate nutrient 
replenishment. Rainfall events, which are important in terms of water flow and mouth-closure state in 
estuaries (Gobler et al. 2005; Thomas et al. 2005), as well as in stagnant freshwater bodies in terms of 
depth and physico-chemistry (Johnson 2000; Naselli-Flores & Barone 2012), had little effect on the 
stromatolite phytoplankton community, likely due to the already consistent fresh groundwater input into 
the pools.  
While this study aimed to investigate the influences of other phototrophic groups on the phytoplankton 
community, there was little evidence for these effects. Macroalgal biomass (using area cover as a proxy) 
was not an important predictor while benthic microalgal biomass had a weak relationship with 
phytoplankton size-fractionated biomass and community composition (Table 3.4 and 3.5). Other authors 
have suggested the role of macroalgae in structuring or mediating abiotic variables such as temperature 
through shade effects for example (Häggqvist & Lindholm 2015), but no indication of this indirect effect 
was observed in the current study. However, there did appear to be an interesting dynamic between the 
benthic and water column microalgae (Fig. 3.4). Microalgal biomass was greatly biased towards benthic 
production by up to four orders of magnitude, exceeding the ratio of benthic versus water column biomass 
observed in South African temporarily open-closed estuaries (Perissinotto et al. 2002). This biased ratio 
could be as a result of phytoplankton settling on the benthic surface in these shallow pools, but because of 
the high and constant freshwater flow through these systems this is unlikely. Furthermore, phytoplankton 
dynamics in similar habitats are known to be affected by top-down pressures such as grazing by 
zooplankton (Metaxas & Scheibling 1996; Menge 2000). An attempt, which is currently underway, to 
quantify the zooplankton assemblage at the stromatolite sites suggests from preliminary data that the 
community is neither diverse nor abundant (GMR, pers. obs.). While it will certainly be informative to 
continue to investigate this producer-grazer relationship, the apparently depauperate zooplankton 
community seems unlikely to play an important structuring role on the phytoplankton community within 
these stromatolite pools. 
Pools which are shallow in nature (typical tidal pool maximum depth is 1 to 2 m, but usually less than 1 m) 
tend to exacerbate the competition and interaction between benthic and pelagic algae (Naselli-Flores & 
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Barone 2012). Consequently, deeper pools would tend to be stable in terms of the phytoplankton 
community composition (Häggqvist & Lindholm 2015), while shallow pools would be more susceptible to 
shifting abiotic pressures (Metaxas & Scheibling 1993) and therefore have greater variability in 
community composition or support species which are able to tolerate these shifts (Johnson 2000). This 
appeared to be supported in the current study, where the deepest pools across sites (main pools at sites A 
and C, seaward pool at site B; Table 3.1) seemed to demonstrate the least variability in size-fractionated 
phytoplankton biomass between sampling events (Fig. 3.2a). An indirect effect of pool depth was that light 
was not limited within these pools (Table 3.2; Rishworth et al. 2016c) and consequently was not 
significant in affecting the phytoplankton community (Table 3.4 and 3.5) as it can be in estuaries (Nozais 
et al. 2001). 
When comparing the community composition drivers between phytoplankton (this study; Table 3.5) and 
benthic microalgae (Rishworth et al. 2016c) in these pools, sampling date and salinity were the consistent 
primary abiotic variables related to composition variability. Both algal groups reflected clear seasonal 
differences in these indices, emphasising previous observations (Perissinotto et al. 2014; Rishworth et al. 
2016c) which indicate that these stromatolite systems are being driven by the dynamic seasonal interplay 
between freshwater inflow and marine saltwater intrusion. 
3.4.2. Phytoplankton community composition 
Comparatively little research has been directed towards the phytoplankton assemblage within intertidal 
pools (Metaxas & Scheibling 1996; Johnson 2000; Häggqvist & Lindholm 2015) compared to other 
ecological aspects such as community succession (Martins et al. 2007) or nursery function (Krück et al. 
2009). Others studies have shown that the phytoplankton assemblage occurring within tidal pools is not 
simply a mirror of that in proximal coastal waters (Johnson 2000). In this study, Bacillariophyta and 
Chlorophyta dominated the phytoplankton community in order of abundance with a smaller contribution 
by Cryptophyta and Cyanophyta (Fig. 3.3a). Perissinotto et al. (2014) reported in a preliminary analysis 
that the phytoplankton assemblage in the stromatolite pools was dominated by Chlorophyta and 
Cyanophyta, with a minimal contribution by diatoms and cryptophytes. However, the current study 
expands upon that result, showing that the low abundance observed within the diatom community, 
specifically (Perissinotto et al. 2014), is likely a function of its stochastic presence within the pools (Fig. 
3.3a), possibly related to irregular seawater inflow (Table 3.5). In a network of Canadian tidal pools, 
chlorophytes and cryptophytes were the numerically dominant phytoplankton groups consistently, with 
diatoms (Bacillariophyta) occurring in high abundance and subsequently depleting during and after coastal 
blooms (Metaxas & Scheibling 1996). In comparison, Charophyta, Cyanophyta and Chlorophyta 
dominated intertidal pools in another study in Finland (Häggqvist & Lindholm 2015), with common 
species observed between sites and sampling events not necessarily dominant in terms of biovolume or 
abundance. A consistent trend amongst studies is for the dominant planktonic groups occurring within 
intertidal pools to have stress-tolerant or resource-efficient life-history strategies, being able to cope with 
the range of temperature and salinity conditions as well as fluctuating nutrient availability occurring in this 
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zone (Johnson 2000; Häggqvist & Lindholm 2015). Certainly an in-depth analysis into the species 
composition of the phytoplankton community in the stromatolite pools would further shed light on the 
specific strategies utilised.  
There was a relatively even distribution between phytoplankton size classes between pools and sites (Fig. 
3.2a), which is unlike estuarine conditions in South Africa where intermediate to smaller size classes 
(nano- and picophytoplankton) tend to dominate (Thomas et al. 2005; Kotsedi et al. 2012). Furthermore, 
overall phytoplankton biomass (chl-a) remained low (range: 0.2-23.0 mg.m
-3
; third quartile ≤ 2.6 mg.m
-3
) 
throughout the study period (Fig. 3.2a). This is consistent with phytoplankton biomass within South 
African temporary open-closed estuaries (Perissinotto et al. 2002) during their open mouth phase when 
conditions are not eutrophic (Thomas et al. 2005; Lemley et al. 2015).  Compared to the only other tidal 
pool study which also reported phytoplankton biomass in terms of chl-a (Häggqvist & Lindholm 2015), 
remarkable similarities were noted, although in that case mean biomass was higher (range: 0.3-19.9 mg.m
-
3
; mean: 6.0 mg.m
-3
).  
3.4.3. The freshwater-marine interface and stromatolite formation 
The drivers of phytoplankton community change in tidal pools associated with living peritidal 
stromatolites operate under similar conditions to those described in other published work on tidal pool 
ecology (Metaxas & Scheibling 1996; Johnson 2000; Häggqvist & Lindholm 2015). Perhaps the key 
difference is the non-stagnant state between tidal cycles of the pools in this study, resulting in low 
residence time of water, especially with regard to nutrient retention and utilisation. From a stromatolite 
perspective, this results in a primarily benthic-driven system (Rishworth et al. 2016c). The sedentary habit 
of the benthic microalgae, which assist in constructing the accreting stromatolites, enables the utilisation of 
the constant flow of nutrient-containing water without being transported by this water movement, unlike 
what would happen with the pelagic phytoplankton. With this being the first study, to our knowledge, to 
assess phytoplankton dynamics within a microbialite ecosystem, the following observation should also be 
highlighted. Stromatolites are rare in modern environments for reasons such as grazing pressures by 
metazoans (Mata & Bottjer 2012) or competition with other algal groups (Steneck et al. 1998). In those 
modern systems where stromatolites thrive, either metazoans and macroalgae are excluded (Eckman et al. 
2008) or the growth rate of microbialites is such that it is greater than the erosive effect of metazoan 
grazing (Garcia-Pichel et al. 2004). Therefore in a system where the bentho-pelagic algal balance is shifted 
away from the substrate surface, limiting the effective growth and metabolism of the benthic stromatolite-
forming microalgae, stromatolites would be unlikely to persist.  
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CHAPTER 4 
COEXISTING LIVING STROMATOLITES AND INFAUNAL METAZOANS 
------------------------------------------- 
Submitted and published: Rishworth, GM, Perissinotto, R, & Bird, MS. 2016. Coexisting living 
stromatolites and infaunal metazoans. Oecologia 182:539-545 
------------------------------------------- 
Microbialites, bioaccretionary structures formed during the growth and metabolism of microorganisms 
(principally cyanobacteria), were the dominant lifeform in shallow late-Archean and Proterozoic oceans. 
During the Cambrian radiation of metazoan life, which began approximately 540 Ma, microbialite 
abundance and diversity further declined following a peak in the Mesoproterozoic. Notwithstanding 
contention, grazing and bioturbation effects of metazoans have been hypothesised as the dominant driver 
of modern microbialite scarcity. However, this metazoan-microbialite exclusion has not been fully 
explored in the few extant microbialites. Here we provide further evidence showing that living marine 
layered microbialites (stromatolites) coexist with a persistent assemblage of benthic macro-invertebrates, 
as has previously been demonstrated in some thrombolitic (clotted) microbialites. Surprisingly, these 
metazoans have active habits such as burrowing, which should be expected to disrupt the layered matrix. 
As other studies have shown, through a network of burrows, metazoans can exploit local diurnal oxygen 
refugia within microbialites as well as escape predation. Our results therefore add novel evidence in 
support of the hypotheses that geologically, metazoans are not always incompatible with stromatolites, 
while ecologically, microbialites may act as micro-refugia for modern metazoans and historically have 
performed a similar inferred role in past ecosystems. 
4.1. Introduction 
As the dominant lifeform in pre-Cambrian oceans (Riding 2000, 2006) and as a consequence of their 
ability to trap sediment in excreted extrapolymeric substances (Reid et al. 2000; Frantz et al. 2015) and 
precipitate calcium carbonate (Riding 2012) during growth and metabolism, many benthic cyanobacterial 
mats have been preserved in extensive layered microbialite (stromatolite) deposits from 0.5 to 3.5 Ga 
(Grotzinger & Knoll 1999; Riding 2000). Their important role in the Earth’s history is exemplified by the 
increased levels of atmospheric oxygen realised in the Phanerozoic, which is attributed to the evolution of 
oxygenic photosynthesis in cyanobacteria (Dismukes et al. 2001). However, aerobic respiration, which 
contributed towards enabling the evolution and radiation of the metazoans during the Cambrian (Marshall 
2006), corresponded with a further decline into the Neoproterozoic of stromatolite abundance and diversity 
(Riding 2000, 2006), which has not recovered since. 
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While the factors driving historical stromatolite decline have been debated (Riding 2000), both geological 
evidence (Walter & Heys 1985; Mata & Bottjer 2012) and comparisons with modern microbialite 
analogues (Garrett 1970; Feldmann & McKenzie 1998) suggest that metazoans have a negative effect on 
stromatolite formation through grazing and burrowing. This has also been experimentally demonstrated, 
whereby estuarine cyanobacterial benthic mats form stromatolitic layering if metazoans are excluded but 
revert to a homogenised, non-layered matrix when metazoans are present (Fenchel 1998). Consequently, 
most modern stromatolites are restricted to marginal, harsh environments where metazoans are largely 
excluded (Grotzinger & Knoll 1999; Riding 2011), whereas in the presence of metazoans, thrombolites 
(clotted microbialites) rather than laminated stromatolites may form (Walter & Heys 1985; Feldmann & 
McKenzie 1998; Konishi et al. 2001; Planavsky & Ginsburg 2009). Recently discovered peritidal 
stromatolites along the southern African coastline (Smith et al. 2011; Perissinotto et al. 2014; Rishworth et 
al. 2016c) were used in this study to further assess metazoan coexistence and lamination in comparison to 
other modern stromatolites (Garcia-Pichel et al. 2004; Tarhan et al. 2013; Edgcomb et al. 2014) in light of 
the ecologically and evolutionarily relevant metazoan-stromatolite exclusion hypothesis (Garrett 1970; 
Walter & Heys 1985; Riding 2000; Mata & Bottjer 2012). 
4.2. Materials and Methods 
Three sites were selected along the coastline near Port Elizabeth, South Africa (Fig. 1.1): Cape Recife 
(34°02’42.13” S, 25°34’07.50” E), Schoenmakerskop (34°02’28.23” S, 25°32’18.60” E) and Seaview 
(34°01’03.16” S, 25°21’56.48” E) (Perissinotto et al. 2014; Rishworth et al. 2016c). Each site is 
characterised by a freshwater inlet stream which flows into a ‘barrage’ tufa stromatolite pool or series of 
pools in the upper intertidal zone. Dominant mat-building microalgae include diatoms and cyanobacteria 
(Rishworth et al. 2016c), specifically genera such as Lyngbya, Plectonema, Leptolyngbya and Schizothrix 
(Perissinotto et al. 2014). The stromatolites accrete at an optimal rate of 2.1-3.6 mm.y
-1
, forming sequential 
primary and successional layers (Fig. 4.1a; Smith et al. 2005). 
Macrofaunal samples were collected using a stainless steel corer with an internal diameter of 1.7 cm. At 
each site, three samples were extracted from the upper 2 cm of the partially lithified stromatolite matrix 
from the main stromatolite barrage pool as well as from the lower elevation, seawards pool and upper 
elevation, freshwater inlet pool. Core samples ensured that all macrofauna directly associated with the 
stromatolite matrix were collected (Tarhan et al. 2013). All samples were preserved in 5 % formaldehyde 
buffered with seawater. The stromatolite matrix was carefully broken up on a 500 μm sieve, thereby 
extracting all macrofauna visually after staining with Phloxin-B. All specimens were visually identified to 
the lowest taxonomic level possible, using available local and international reference guides as well as in 
consultation with relevant taxonomic experts. Samples were collected monthly from each of the three 
pools at each site during spring low tide from January to July 2014. 
Additionally, physico-chemical properties of the water in the lower, barrage and upper stromatolite pools 
were recorded using a YSI 6600 multi-parameter meter (YSI Incorporated, Yellow Springs, OH, USA), the 
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details of which are presented elsewhere (Rishworth et al. 2016c). These included temperature, salinity 
(PSU) and dissolved oxygen (mg.L
-1
). 
4.3. Results and Discussion 
Tufa stromatolites occurring in South Africa form at the interface of groundwater seepage and the ocean 
high-water mark (Perissinotto et al. 2014; Rishworth et al. 2016c), constructing rimstone dams through the 
layered precipitation of inflowing calcium carbonate and the trapping of sediment (Smith et al. 2005; 
Smith et al. 2011). Within the clearly layered, growing stromatolite matrix (Fig. 4.1a), which has been 
preserved at the study sites in areas where freshwater inflow has ceased or the high-water mark shifted 
(Fig. 4.1b), a persistent assemblage of benthic invertebrates (metazoans) was encountered (Table 4.1). This 
uncommon microbialite-metazoan association has been documented in other ecosystems where, although 
perhaps in lower diversity compared to microbes (Allen et al. 2009), examples of extant microbialites 
forming in the spectrum from fresh to hypersaline waters have been shown to support metazoan infauna 
(Table 4.2). Counterintuitively, the co-occurring metazoans in these clearly layered systems are not passive 
inhabitants of stromatolites but rather have active habits such as grazing and burrowing (Table 4.1) which 
might be expected to disrupt, homogenise and bioturbate (Garrett 1970; Fenchel 1998; Smith et al. 2000; 
Pike et al. 2001) the microalgal mats rather than form a layered substrate. Following the evolution of 
metazoans, this is indeed what disrupted and reduced the microbial mats which dominated Precambrian 
oceans (Buatois et al. 2014).  
However, active burrowing, specifically (Fig. 4.1c), is apparently not restrictive to stromatolite formation 
and layering in the presented example, with burrowing metazoans such as oligochaetes and nereidid 
polychaetes regularly observed amongst the layered substrate (Fig. 4.1d). Grazing has been inferred from 
known invertebrate behaviours (Table 4.1), with trophic linkages and feeding ecology yet to be determined 
(see Chapter 6: Rishworth et al. 2017a). In our study, metazoans do not appear to be bioturbating the 
stromatolite into its clotted (thrombolite) form, despite in situ observations of sediment-containing faecal 
pellets and debris adjacent to burrows. These results suggest that rather than being formed by metazoan 
activities which ‘remodel’ a layered matrix (Walter & Heys 1985; Planavsky & Ginsburg 2009), 
thrombolites are likely constructed by distinct microbial communities with different deposition and 
sediment trapping mechanisms (i.e. layering versus non-layering) compared to those which form 
stromatolites (Myshrall et al. 2010). Nonetheless, both fossil evidence and modern comparisons suggest a 
higher prevalence of thrombolite-metazoan associations over stromatolite examples (Walter & Heys 1985; 
Konishi et al. 2001). Thus far all mesofabric types encountered at the South African sites are layered 
(stromatolitic), with another complementary study currently underway which would reveal any thrombolite 
material if present. 
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Figure 4.1 Microstructure and metazoan activity within living marine stromatolites from the Eastern Cape, 
South Africa. (a) Scanning Electron Microscope (SEM) micrograph of an actively growing stromatolite 
indicating the climax layer with an arrow (Smith et al. 2011) between lithified cyanobacterial filaments. Scale: 
500 μm. (b) Lithified, spent (non-growing) stromatolite section. Scale: 1 cm. (c) Burrow network formed by 
metazoans within a growing stromatolite, indicated by arrows; dorsal view. Scale: 1 mm. (d) Examples of 
Naididae oligochaetes (Clitellata) fixed ventrally within the stromatolite matrix, as indicated by arrows, 
demonstrating the association of metazoans with microbialite lamination. Scale: 1 mm 
 
The stromatolite-metazoan relationship extends beyond the potential disruptive effect of grazers and 
burrowers. Higher oxygen concentrations within the microbialite-forming photosynthetic microalgal mats 
(Des Marais 2003; Herman & Kump 2005) might have provided a micro-refuge for early metazoans to 
escape the unfavourable, anoxic ambient conditions of the Ediacaran (Tarhan et al. 2013). This is argued 
as a factor which drove the evolution of metazoan mobility, allowing animals to occupy the anoxic, food-
rich benthos while moving between and extracting the metabolically-beneficial oxygen being formed 
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within the microbialites (Gingras et al. 2011). However, this hypothesis is confounded by the anoxic 
conditions which would develop at night (Des Marais 2003; Mobberley et al. 2015) as well as the range of 
metabolic modes of microbialites, in addition to photoautotrophy (Ruvindy et al. 2016). Nonetheless, 
similar micro-refugia would be present within some modern stromatolites that support metazoans (Table 
4.2), although not strictly assessed in terms of oxygen concentration gradients in the current study, these 
being accessed through a network of burrows within the matrix (Fig. 4.1c).  
 
Table 4.1 Metazoans encountered within stromatolites along the South African coast. Abundance data (number 
of individuals per unit area) are presented as mean ± SD Consistency corresponds to the proportion (%) of all 
samples (n = 63) containing the respective specimens. The parasitic Pyramidellidae family is as yet not 
classified into an Order. Habit codes: M - mobile, B - burrower, S - sessile, G - grazer, Pr - predator, D - 
detritivore, F - filter-feeder, Pa - parasite 
Class Order 
n 
spp Identified families: species 
Mean 
abundance 
(n.cm
-2
) 
Consistency 
in cores Habit 
Clitellata Haplotaxida 4 Naididae, Enchtraeidae 3.40 (± 6.5) 71% B, D 
Malacostraca Amphipoda 5 Orchestia rectipalma, Melita zeylanica, 
Americorophium triaenonyx, Bolttsia 
minuta, Grandidierella lutosa 
3.26 (± 4.2) 75% B, G, D 
  Tanaidacea 1 Tanaididae: cf Sinelobus sp. 2.13 (± 3.1) 61% B, D 
  Isopoda 4 Pseudosphaeroma barnardi, Cyathura 
estuaria, Amakusanthura africana, 
Ectias angusta 
0.42 (± 0.7) 44% M, B, G, D 
  Decapoda 1 Cyclograpsus punctatus 0.02 (± 0.1) 3% M, D 
Polychaeta Phyllodocida 2 Nereididae: Composetia cf keiskama; 
Syllidae: Pionosyllis cf ehlersiaeformia 
1.16 (± 1.2) 76% B, Pr 
  Sabellida 1 Amphicorina parvula 0.02 (± 0.2) 2% S, F 
  Spionida 1 Boccardia pseudonatrix 0.02 (± 0.2) 2% B, Pr 
Gastropoda Littorinimorpha 3 Assiminea cf capensis, Hydrobia 
knysnaensis, Afrolittorina knysnaensis 
0.41 (± 2.0) 7% M, G 
   1 Pyramidellidae 0.01 (± 0.1) 2% M, Pa 
Insecta Diptera 7 Ceratopogonidae: Dasyhelea sp.; 
Chironomidae: Semiocladius sp.; 
Chironomidae; Tipulidae; cf Empididae 
0.40 (± 0.8) 32% M (larvae), 
S (pupae), 
G 
Chilopoda Geophilomorpha 1 Tuoba cf poseidonis 0.01 (± 0.1) 2% B, Pr 
Ostracoda Pocopida 1 Physocypria capensis 0.01 (± 0.1) 2% M, D 
Arachnida Prostigmata 1 Microtrombidiidae 0.01 (± 0.1) 2% M, Pa 
 
The micro-habitat characteristics of extant microbialites may thereby be providing localised respite for 
invertebrates from predation (Konishi et al. 2001; Dinger et al. 2006) and harsh physical conditions, as 
well as offering an oxygen refuge (Des Marais 2003; Herman & Kump 2005; Gingras et al. 2011; 
Mobberley et al. 2015). For example, in the South African stromatolite pools, during the warmer months, 
anoxic events have been observed whereby a milky benthic layer with a distinctive hydrogen sulphide 
odour forms (oxygen concentrations as low as 0.24 mg.L-1, compared to supersaturated levels of up to 
37.0 mg.L-1 above the stromatolites: Perissinotto et al. 2014; Rishworth et al. 2016c), from which 
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metazoans might use the adjacent stromatolite matrix as a temporary oxygen refuge during daylight hours. 
It is known from a variety of other extant microbialites that oxygen concentrations are elevated within the 
microalgal layer, compared to the surrounding media (Des Marais 2003; Herman & Kump 2005; Gingras 
et al. 2011; Mobberley et al. 2015). Furthermore, on a geographical scale, the South African stromatolites 
appear to be functioning as unique ecological niches, supporting noteworthy species such as Tuoba cf 
poseidonis, the first record of a halophilic centipede for the southern African region (Barber 2011) and 
Bolttsia minuta, an estuarine-relic amphipod known originally only from a land-locked coastal lake 
(Griffiths 1976). The microbial community for some microbialites appear distinctive from adjacent waters 
(White III et al. 2016), however it is unclear whether this holds true for any of the metazoans encountered 
in this analysis, of which the majority appear to be typical estuarine residents (Table 4.1). 
 
Table 4.2 Metazoans coexisting with extant microbialites. Dominant metazoans are listed according to 
decreasing order of abundance as observed in the literature. Microbialite mesofabric is classified as stromatolite 
(layered) or thrombolite (clotted) 
Location Habitat Microbialite Dominant infaunal metazoans recorded Sources 
Rio Mesquites, 
Cuatro Ciénegas, 
México 
Freshwater, 
basin-fed river 
Stromatolite: 
detached 
oncolite 
(spherical) 
Diptera (Chironomidae; Ceratopogonidae), Malacostraca 
(Amphipoda: Hyalella sp.), Trichoptera (Cernotina sp.), 
Ephemeroptera (Caenis sp.), Gastropoda (Hydrobiidae: 
Mexithauma quadripallium, Nymphophilus minckleyi) 
(Garcia-
Pichel et al. 
2004; Dinger 
et al. 2006) 
Lake Clifton, 
Western Australia 
Brackish 
coastal lake 
Thrombolite Malacostraca (Amphipoda: Melita kauerti; Isopoda: 
Exosphaeroma cf serventii ), Ostracoda (Cyprideis 
australiensis), Polychaeta (Capitella cf capitata); Nematoda 
(Konishi et al. 
2001) 
Eastern Cape, 
South Africa 
Marine-
freshwater 
interface 
(brackish), 
intertidal 
Stromatolite See Table 4.1. Anellida (Clittelata: Naididae, Enchtraeidae; 
Polychaeta: Composetia cf keiskama), Malacostraca 
(Amphipoda: Orchestia rectipalma, Melita zeylanica, 
Americorophium triaenonyx;  Tanaidacea: Tanaididae; 
Isopoda: Pseudosphaeroma barnardi, Cyathura estuaria), 
Gastropoda (Littorinimorpha), Diptera (Chironomidae, 
Ceratopogonidae) 
(this study) 
Exuma Cays, 
Bahamas 
Marine, high 
sediment 
transport 
Stromatolite, 
thrombolite  
Copepoda, Annelida (Polychaeta), Nematoda (Syringolaimus; 
Rhabdolamidae), Bivalvia, Sipuncula, Ostracoda, 
Malacostraca, Gastropoda, Cnidaria, Gastrotricha, 
Platyhelminthes, Echinodermata 
(Garrett 1970; 
Tarhan et al. 
2013; 
Edgcomb et 
al. 2014) 
Hamelin Pool, 
Shark Bay, 
Australia 
Marine, 
hypersaline 
Stromatolite, 
thrombolite 
Annelida, Cnidaria, Gastrotricha, Nematoda 
(Rhabdolaimidae), Platyhelminthes, Echinodermata 
(Allen et al. 
2009; 
Edgcomb et 
al. 2014) 
 
In conclusion, the developing recognition, to which the current study adds further evidence, that 
stromatolites and metazoans are not always mutually exclusive, neither historically (Riding 2006) nor 
currently (Table 4.2), is important from an evolutionary perspective. Metazoans certainly contributed 
towards the decline of the microbialites (Mata & Bottjer 2012; Buatois et al. 2014), particularly the 
CHAPTER 4: COEXISTING METAZOANS AND STROMATOLITES 
Rishworth et al. 2016 Oecologia 182:539-545 
 
GM RISHWORTH  58 
stromatolites, and their exclusion in modern habitats has enabled some microbialites to thrive (Eckman et 
al. 2008). However, the surprising coexistence of clearly layered stromatolites with active burrowing and 
grazing metazoans (Fig. 4.1d; Table 4.1) highlights the complexity of this relationship (Garcia-Pichel et al. 
2004; Tarhan et al. 2013), suggesting that other environmental factors such as changing water chemistry 
(Grotzinger 1990) or nutrient limitation (Elser et al. 2006) might indeed have contributed to the scarcity of 
the stromatolites by the Holocene. Microbial mats seem to have offered one of the essential catalysts to 
enable the evolution of animals by providing accessible oxygen micro-reservoirs in the largely anoxic 
Ediacaran oceans (Gingras et al. 2011). Therefore, the observed, albeit rare, coexistence of these two 
biological groups might largely be a consequence of the benefit derived by metazoan infauna in terms of 
oxygen resources and predator avoidance, which would select against the destructive effect of metazoans 
on their micro-refugia. 
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CHAPTER 5 
PATTERNS AND DRIVERS OF BENTHIC MACROFAUNAL COMMUNITIES DWELLING 
WITHIN EXTANT PERITIDAL STROMATOLITES 
------------------------------------------- 
Submitted and under review: Rishworth, GM, Perissinotto, R, & Bird, MS. Patterns and drivers of 
benthic macrofaunal communities dwelling within extant peritidal stromatolites. Limnology and 
Oceanography (under review) 
------------------------------------------- 
Metazoans contributed historically to the decline of the microbialites and continue to restrict their 
formation in most modern environments through grazing and burrowing pressures. Recent evidence 
suggests that metazoans can coexist with layered microbialites (stromatolites). However, the possible 
drivers of the invertebrate assemblage directly associated with these unique habitats are not well-
understood. This study measured environmental and resource variables within peritidal stromatolites along 
the South African coastline and related these to the infaunal metazoan community. Clittelates (Naididae 
and Enchtraeidae), malacostracans (Amphipoda, Isopoda and Tanaidacea), insect larvae (Chironomidae) 
and polychaetes (Nereididae) were the most abundant groups. The benthic macrofaunal community was 
most strongly related to salinity, nutrients (dissolved inorganic nitrogen and phosphorus) and macroalgal 
cover. This suggests that the distribution of some species was restricted by physiological tolerances 
associated with salinity, while others responded to resource variability within the primary producer 
community. The absence of an apparent relationship between stromatolite microalgal biomass or 
composition and the metazoan community occupying the matrix indicates that the invertebrates might be 
relying on other primary producers as a food resource, such as macroalgae. This suggests that the benthic 
macrofaunal community may have a limited direct grazing effect on the stromatolite matrix, thereby not 
hindering the formation of its typical layered fabric. 
5.1. Introduction 
The Cambrian radiation of metazoan life is one of the prominent evolutionary events during Earth’s history 
(Conway Morris 2000), stemming from which were many of the extant invertebrate clades (Edgecombe et 
al. 2011). While the factors that sparked this event are not yet clear (Marshall 2006; Fox 2016), its mark on 
global ecosystems was profound, shifting these from microbial-dominated systems to environments that 
are recognisable with those known today. One such ecosystem shift was the decreased abundance of 
extensive microbial reefs in shallow, coastal oceans (Walter & Heys 1985; Riding 2000), these being 
replaced by other reef-forming organisms, or outcompeted by higher-level phototrophic algae. The 
microbial reefs are well-preserved in the fossil record as laminated microbialites (stromatolites) and their 
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clotted counterparts (thrombolites), recognized from as early as 3.7 Ga (Riding 2000, 2011; Nutman et al. 
2016). Having peaked in abundance during the Mesoproterozoic Era, microbialite decline was exacerbated 
by the presence of metazoans which grazed upon and burrowed within the microbial reefs (Riding 2006). 
However, metazoans were not the sole agent of modern microbialite scarcity, as suggested by post-
Cambrian periods where both groups were abundant (Riding 2000, 2006). Other factors, such as reduced 
seawater calcium carbonate concentrations (Grotzinger 1990), or shifts in nutrient availability (Elser et al. 
2006), likely also contributed towards their Phanerozoic rarity. 
Laminated microbialites form through the layered precipitation of calcium carbonate by cyanobacteria 
(Reid et al. 2000; Dupraz et al. 2009), as well as the trapping and binding of sediment by other microalgal 
groups including diatoms (Frantz et al. 2015). The prevalence of modern metazoans that might disrupt this 
layered process has contributed towards there only being a few living examples of microbialites, especially 
those of the layered, stromatolite form (Mata & Bottjer 2012). Rare, extant examples are often restricted to 
environments in which competitors (such as macroalgae) or metazoans are restricted and scarce, such as 
under hypersaline (Suosaari et al. 2016) or erosive (Bowlin et al. 2012) conditions, or where calcium 
carbonate levels are high and therefore enable microbialite growth rates beyond the level of the effect of 
metazoan bioerosion (Garcia-Pichel et al. 2004). However, metazoans and microbialites do coexist in 
some modern environments in regions such as Mexico (Garcia-Pichel et al. 2004; Dinger et al. 2006), 
Australia (Konishi et al. 2001; Allen et al. 2009; Edgcomb et al. 2014) and the Bahamas (Garrett 1970), 
including in habitats with apparently ‘normal’ conditions (Tarhan et al. 2013), this relationship having 
recently been synthesised by Rishworth et al. (2016a). 
Along the southern coastline of South Africa, actively accreting stromatolites occurring at the interface of 
groundwater seepage points and marine tidal- or storm-induced incursion have been discovered within the 
past two decades (Smith & Uken 2003; Perissinotto et al. 2014). These systems were initially highlighted 
as supporting a metazoan assemblage (Perissinotto et al. 2014) and further preliminary investigations have 
shown that several species do consistently occur within this habitat and, importantly, the metazoans do not 
appear to disrupt the clear stromatolite layering (Rishworth et al. 2016a). Rather than disrupt the matrix, 
metazoans may use some microbialite habitats, both in past and modern ecosystems, as a refuge from 
unfavourable conditions such as hypoxia, exposure or predation, which is a hypothesis that is developing 
(Dinger et al. 2006; Gingras et al. 2011; Tarhan et al. 2013; Rishworth et al. 2016a). The South African 
stromatolite sites also appear to support interesting species such as the first local record of a halophilic 
centipede, Tuoba cf poseidonis (Rishworth et al. 2016a), and invasive species such as the polychaete, 
Ficopomatus enigmaticus (Miranda et al. 2016). 
Some investigations into a subset of the possible drivers of microbialite-associated metazoans have been 
made (Garcia-Pichel et al. 2004; Elser et al. 2005; Dinger et al. 2006; Tarhan et al. 2013). At the South 
African stromatolites, the benthic microalgae that construct the stromatolite matrix are driven by thermal 
and saline variability (Rishworth et al. 2016c). Preliminary work also suggests that the regular interaction 
of convergent saline and fresh water within the main stromatolite barrage pools creates dynamic conditions 
CHAPTER 5: DRIVERS OF STROMATOLITE METAZOANS 
Rishworth et al. Limnology and Oceanography (under review) 
 
GM RISHWORTH  61 
that only the most euryhaline organisms might persist under (Rishworth et al. 2017b). As these potential 
physico-chemical or biological drivers of the benthic metazoan community have not yet been addressed at 
the South African sites, or any comparable modern peritidal environment, the aim of the current study was 
to investigate these relationships. It is hypothesised that: (1) salinity variability, or pool state in terms of 
freshwater- versus marine-dominated conditions, might determine the presence of non-resident or 
ephemeral species; while (2) the presence or abundance of ubiquitous and consistently-occurring 
euryhaline species would not be predicted by salinity conditions, but rather by other variables such as 
resource availability. 
5.2. Materials and Methods 
5.2.1. Study site 
Stromatolites occur along the southern African coastline at locations where groundwater dune seeps meet 
regular saline incursion during tidal and storm surges in the peritidal zone, currently known from 540 sites 
along a 200 km stretch (Perissinotto et al. 2014). Three representative locations have been investigated as 
part of previous studies (Perissinotto et al. 2014; Miranda et al. 2016; Rishworth et al. 2016a; Rishworth et 
al. 2016b; Rishworth et al. 2016c; Rishworth et al. 2017b) (Fig. 1.1), these occurring at Cape Recife (site 
A; 34°02’42.13’S, 25°34’07.50’’E), Schoenmakerskop (site B; 34°02’28.23’’S, 25°32’18.60’’E) and 
Seaview (site C; 34°01’03.16’’S, 25°21’56.48’’E). Varying degrees of anthropogenic occupation are 
associated with each of these sites, and consequently a gradient of groundwater nutrient input exists, with 
site A receiving the least and site C the most inorganic nitrogen and phosphorus input (Rishworth et al. 
2017b).  
South African stromatolites accrete at a rate of ~2-5 mm per year (Smith et al. 2005) and can attain a 
maximum height of approximately 1 m (Perissinotto et al. 2014). The pools are characterized by three 
distinct regions (Fig. 1.1), defined according to salinity patterns and elevation. Upper pools are 
predominantly freshwater systems while lower pools reflect marine conditions. The middle, or main 
“barrage” (Forbes et al. 2010), pool, ranging in depth from 0.3-0.7 m (Rishworth et al. 2017b), supports 
the majority of the stromatolite accretion. Within this zone there is a constant interplay between fresh and 
saline conditions (Rishworth et al. 2017b). The stromatolite-forming microalgal community is dominated 
by cyanobacteria (Rishworth et al. 2016c), including genera such as Lyngbya, Leptolyngbya, Plectonema 
and Schizothrix (Perissinotto et al. 2014), as well as diatoms. 
5.2.2. Sample collection 
At each of the three sites, benthic macrofauna were collected using stainless steel corers (1.7 cm internal 
diameter), as described in Rishworth et al. (2016a). These were hammered into the stromatolite matrix 
using a mallet, to a depth of 2 cm. On each occasion, a single sample was collected from the primary 
stromatolite accretion in the main pool as well as at the interface of each of the lower and upper pools with 
the main pool, thereby minimising the impact of disturbance due to the destructive nature of sample 
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collections. This was done on a monthly basis from January to December 2014, during spring low tide of 
the first monthly tidal cycle. All core samples were preserved in 5 % formaldehyde buffered with seawater. 
Phloxin-B was added dropwise to all faunal samples to aid visual selection during sorting by staining 
invertebrates pink (see Fig. 5.1a). Samples were carefully crushed and rinsed over 500 µm mesh. All 
macrofaunal specimens removed from the sample were identified to the lowest taxonomic level possible 
using local and international reference guides, as well as in collaboration with international taxonomic 
experts. 
In addition to invertebrate infaunal collections, pool physico-chemical measurements were also recorded. 
Temperature, salinity, dissolved oxygen (mg.l
-1
), pH and turbidity (NTU) were measured using a YSI 
6600-V2 multiprobe system (YSI Incorporated, Yellow Springs, OH, USA). Dissolved inorganic nitrogen 
(DIN) and phosphorus (DIP) concentrations (μM) were determined from water samples passed through 
Whatman© glass-fibre filters (GF/F) using standard spectrophotometric methods (ammonium, NH4
+
; 
soluble reactive phosphorus) (Parsons et al. 1984) and the reduced copper cadmium method (nitrates, NO3
-
; nitrites, NO2
-
) (Bate & Heelas 1975). Additional details on physico-chemical data are presented in 
Rishworth et al. (2016c). 
In terms of quantifying habitat or food resources available to the benthic macrofauna, the following 
resource components were collected at each of the three pools during all sampling occasions. Total 
suspended solids (TSS; mg.l
-1
) and particulate organic matter (POM; mg.l
-1
), which thereby included 
pelagic microalgae, were quantified for each pool by passing a 300 ml aliquot of water through pre-
combusted and pre-weighed GF/F filters and recording weight changes on a digital balance (± 0.01 mg) 
after oven drying at 60 °C for 48 h (TSS) and thereafter combusting at 450 °C for 4 h (POM). Benthic 
microalgal proxies measured directly from the stromatolite material were taken from data presented in 
Rishworth et al. (2016c). Microalgal biomass, using chlorophyll-a (chl-a) concentration as a proxy, was 
determined from triplicate sediment scrapes of 2.27 cm
2
 at a maximum depth of 1 cm and suspended in 30 
ml of 90 % acetone for 48 h in the dark at 5 °C. Pigments (chl-a) were then recorded using fluorescence 
readings on a Turner 10-AU narrow-band system (Turner Designs, Sunnyvale, CA, USA).  Additionally, 
stromatolite microalgal class community composition in terms of cyanobacteria, diatoms and chlorophytes 
was determined in situ using a BenthoTorch (bbe Moldaenke GmbH, Schwentinental, Germany). Benthic 
macroalgal biomass associated with each pool was assessed using macroalgal cover as a proxy, estimated 
visually from quadrats placed adjacent to macrofaunal cores (40 x 40 cm). 
5.2.3. Data analysis 
The statistical software, R (R Core Team 2016), was used to analyse all macrofaunal multivariate data, 
using the community analysis package ‘mvabund’ (Wang et al. 2012) and the ‘nlme’ package (Pinheiro et 
al. 2016). Samples from the February trip at site B were discarded as these unfortunately were overlooked 
during preservation with formaldehyde. For consistency, all data from February from the remaining sites 
were therefore omitted during analyses. Salinity was used to assess the residing pool state, with values ≥ 5 
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indicating marine-dominated conditions and < 5 indicating freshwater-dominated conditions, a distinction 
that has been used previously to define pool conditions (Rishworth et al. 2016b). As the stromatolite 
benthic microalgae are dominated by cyanobacteria and diatoms (Rishworth et al. 2016c), stromatolite 
microalgal community composition was calculated as the relative proportion of cyanobacteria compared to 
diatoms.  
As response variables, macrofaunal data associated with each core were expressed as the number of 
organisms per species (count), the presence or absence of each species, the total macrofaunal abundance 
and the species richness (total number of species). Collinear relationships between all potential explanatory 
variables (temperature, dissolved oxygen, pH, turbidity, DIN, DIP, TSS, POM, stromatolite microalgae 
expressed as both benthic chl-a and community composition, macroalgal cover, and the categorical 
variables salinity state, pool elevation, sampling month and site) were assessed using correlation 
coefficients (r) and variance inflation factors (VIFs) (Zuur et al. 2009; Zuur et al. 2010). TSS was collinear 
with POM (r = 0.9, VIF = 6.9) and sampling site was collinear with DIN (r = 0.7, VIF = 5.8). Therefore, 
TSS and sampling site were removed from analyses when this was not accounted for in residual variability 
measures, such as random intercepts or defined residual variance structures (Zuur et al. 2009). After their 
removal, all other explanatory variables had a VIF ≤ 3.5, which suggested independence (Zuur et al. 2009). 
Species abundance and species presence-absence data were each fitted to a single, separate model using 
multivariate generalized linear modelling (‘manyglm’: Wang et al. 2012), specifying all abovementioned 
variables, apart from sampling site and TSS, as explanatory variables. Multivariate generalized linear 
modelling techniques have been shown to be more powerful than univariate modelling of each species 
independently or conventional distance-based multivariate methods in terms of modelling rare species (Hui 
et al. 2013) and identifying correct patterns in the data (Warton et al. 2012). The error-distribution of the 
count data (species abundance) and presence-absence data were specified as ‘negative binomial’ and 
‘binomial’ with a ‘cloglog’ link function, respectively (Wang et al. 2012; Warton et al. 2015).  
The importance of all explanatory variables was assessed using the ‘step’ function, which calculates the 
Akaike information criterion (AIC) estimate for the full model with all explanatory variables and compares 
this to the AIC score of all models with a single explanatory variable omitted. If the removal of a given 
variable results in the most reduced AIC score, then it is omitted from further step-wise iterations of the 
model selection process (Zuur et al. 2009). This backwards selection approach was then repeated on each 
updated model until no further single-term deletions improved the AIC score (ΔAIC ≤ 2). All model 
assumptions were met for both the most parsimonious models for the count and presence-absence data, as 
adjudged by the normality of the residuals (Wang et al. 2012). The effect of each important explanatory 
variable on all species was assessed using the multivariate ‘anova’ function (p.uni = “adjusted”, nBoot = 
10,000: Wang et al. 2012). 
Total macrofaunal abundance (all species combined) and species richness were assessed separately using 
linear mixed-effects modelling (LMM) and generalized least squares (GLS) techniques (Zuur et al. 2009; 
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Pinheiro et al. 2016). The optimal random component (the fixed component was as for the above 
multivariate models) was determined by fitting separate models under restricted maximum-likelihood 
(REML) estimation (Zuur et al. 2009) for different permutations of random intercepts for sampling site 
and residual variance structures for sampling month and site. As adjudged by AIC scores, the optimal 
random structures for both models specified that the random component be incorporated as a function of 
residual variance determined by sampling site, under the GLS framework. The fixed component of both 
models was assessed as for above, using AIC scores, with models being compared under maximum-
likelihood (ML) estimation (Zuur et al. 2009). The most parsimonious model was then re-fit under REML 
and any non-significant explanatory terms removed (Zuur et al. 2009). Residuals for the optimal models 
for species richness and overall abundance appeared normally distributed and homogeneous for all 
explanatory variables, thereby meeting all model assumptions (Zuur et al. 2010).  
An a priori significance level of α = 0.05 was specified. 
5.3. Results 
5.3.1. Community patterns 
The benthic macrofaunal community inhabiting the South African stromatolites was dominated 
numerically by the clittelates (Naididae and Enchtraeidae; Fig. 5.1a), which tended to occur in high 
abundance at all three sites, particularly in the seaward regions (lower pools) of the stromatolite accretion 
(Table 5.1). The amphipod, Orchestia rectipalma (Fig. 5.1b, c), occurred in comparable numbers to the 
clittelates, but was spatially variable between the stromatolite zones (Table 5.1).  
Other malacostracan crustaceans were also dominant components of the macrofaunal assemblage, 
including Sinelobus sp. (Tanaidacea; Fig. 5.1e), Pseudosphaeroma barnardi (Isopoda) and Melita 
zeylanica (Amphipoda; Fig. 5.1g). Both Sinelobus sp. and M. zeylanica were predominantly associated 
with the primary region of stromatolite accretion in the middle barrage pool (Table 5.1). Also common to 
the macrofaunal community and consistently prevalent in the main accretion zone was the nereidid 
polychaete, Composetia cf keiskama (Fig. 5.1f), and chironomid larvae (Fig. 5.1d) (Table 5.1).  
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Figure 5.1 Examples of macrofauna encountered within stromatolites along the South African coastline: (a) 
clittelate (Naididae); male (b) and female (c) Orchestia rectipalma (Amphipoda); (d) chironomid larvae 
(Chironomidae); (e) Sinelobus sp. (Tanaididae); (f) Composetia cf keiskama (Nereididae); (g) Melita zeylanica 
(Amphipoda); (h) Cyathura estuaria (Isopoda); (i) Tuoba cf poseidonis (Geophilomorpha); (j) Bolttsia minuta 
(Amphipoda). All scale bars represent 0.5 mm. 
 
The remaining species or taxonomic groups from those 29 identified were encountered sporadically or 
regularly, but in low abundance (Table 5.1). The majority of these uncommon species were malacostracan 
crustaceans, but also polychaetes, dipteran insect larvae, an ostracod (Physocypria capensis), three species 
of gastropods confined to the seaward accretion zone, a littoral centipede (Tuoba cf poseidonis; Fig 5.1i), 
and two mites (Microtrombidiidae and Platytrombidium cf. africanum), also restricted to the seaward 
accretion zones (Table 5.1). 
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Table 5.1 Summary of all benthic macrofauna identified at three stromatolite locations sampled monthly from January to December 2014 (February excluded). Mean 
abundance (n m
-2
 ± SD) is presented according to site and pool elevation (‘Low’: lower, seaward; ‘Mid’: middle, barrage; ‘Up’: upper, landward), sorted by overall mean 
abundance according to taxonomic groupings. January to July data is adapted from Rishworth et al. (2016a). Table continued on the following page. 
      Cape Recife Schoenmakerskop Seaview  
Class Order Species (or Family) Low Mid Up Low Mid Up Low Mid Up Overall 
Clitellata Haplotaxida unid. (Naididae, 
Enchtraeidae) 
296 ± 278 60 ± 107 20 ± 53 601 ± 1043 545 ± 671 128 ± 99 288 ± 277 320 ± 325 20 ± 30 253 ± 478 
Malacostraca Amphipoda Orchestia 
rectipalma 
340 ± 321 240 ± 298 220 ± 218 625 ± 993 180 ± 297 92 ± 109 20 ± 53 160 ± 196 328 ± 471 245 ± 436 
    Melita zeylanica 0 4 ± 13 8 ± 18 28 ± 69 76 ± 110 84 ± 72 12 ± 28 64 ± 50 60 ± 77 37 ± 65 
    Americorophium 
triaenonyx 
8 ± 18 0 0 96 ± 235 8 ± 27 0 8 ± 27 4 ± 13 0 14 ± 82 
    Grandidierella 
lutosa 
0 0 0 0 0 0 0 0 8 ± 27 1 ± 9 
    Bolttsia minuta 0 0 0 0 0 0 0 0 4 ± 13 0 ± 4 
  Tanaidacea Sinelobus sp. 400 ± 512 140 ± 189 116 ± 169 160 ± 207 348 ± 403 24 ± 30 64 ± 171 252 ± 462 264 ± 270 197 ± 318 
  Isopoda Pseudosphaeroma 
barnardi 
0 28 ± 69 16 ± 41 8 ± 18 20 ± 30 8 ± 18 0 20 ± 23 505 ± 902 67 ± 329 
    Cyathura estuaria 28 ± 36 20 ± 41 68 ± 75 0 0 0 0 0 0 13 ± 37 
    Synidotea variegata 0 4 ± 13 8 ± 18 0 4 ± 13 0 0 0 12 ± 28 3 ± 13 
    Amakusanthura 
africana 
0 0 0 0 0 0 8 ± 18 0 0 1 ± 6 
    Ectias angusta 0 0 0 4 ± 13 0 0 0 4 ± 13 0 1 ± 6 
    unid. (Flabellifera) 0 0 0 4 ± 13 0 0 0 0 0 0 ± 4 
  Decapoda Cyclograpsus 
punctatus 
4 ± 13 0 0 0 0 0 12 ± 28 0 0 2 ± 11 
Polychaeta Phyllodocida Composetia cf 
keiskama 
108 ± 69 72 ± 82 104 ± 138 88 ± 175 176 ± 161 120 ± 174 28 ± 30 160 ± 125 88 ± 74 105 ± 127 
    Pionosyllis cf 
ehlersiaeformia 
0 0 0 4 ± 13 0 0 4 ± 13 0 0 1 ± 6 
  Sabellida Amphicorina 
parvula 
0 0 0 12 ± 40 0 0 0 0 0 1 ± 13 
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      Cape Recife Schoenmakerskop Seaview  
Class Order Species (or Family) Low Mid Up Low Mid Up Low Mid Up Overall 
  Spionida Boccardia 
pseudonatrix 
0 0 0 0 0 0 12 ± 40 0 0 1 ± 13 
Insecta Diptera unid. 
(Chironomidae) 
4 ± 13 48 ± 89 44 ± 104 16 ± 30 100 ± 148 56 ± 106 20 ± 46 140 ± 185 36 ± 71 52 ± 106 
    Dasyhelea sp. 16 ± 36 4 ± 13 0 4 ± 13 4 ± 13 4 ± 13 32 ± 56 0 0 7 ± 25 
    unid. 
(Dolichopodidae) 
4 ± 13 0 0 0 0 0 8 ± 18 0 0 1 ± 8 
    unid. (Tipulidae) 0 0 0 0 0 0 8 ± 18 0 0 1 ± 6 
    Semiocladius sp. 0 0 0 0 0 4 ± 13 0 4 ± 13 0 1 ± 6 
Ostracoda Pocopida Physocypria 
capensis 
0 0 0 0 256 ± 525 24 ± 46 0 12 ± 40 0 32 ± 187 
Gastropoda Littorinimorpha Assiminea cf 
capensis 
0 0 0 0 0 0 240 ± 367 0 0 27 ± 140 
    Hydrobia 
knysnaensis 
0 0 0 0 0 0 20 ± 66 0 0 2 ± 22 
    Afrolittorina 
knysnaensis 
0 0 0 0 0 0 20 ± 66 0 0 2 ± 22 
Chilopoda Geophilomorpha Tuoba cf poseidonis 0 0 0 8 ± 27 0 0 0 0 0 1 ± 9 
Arachnida Prostigmata, 
Mesostigmata 
unid. 
(Microtrombidiidae), 
Platytrombidium cf. 
africanum 
0 0 0 4 ± 13 0 0 4 ± 13 0 0 1 ± 6 
CHAPTER 5: DRIVERS OF STROMATOLITE METAZOANS 
Rishworth et al. Limnology and Oceanography (under review) 
 
GM RISHWORTH  68 
5.3.2. Community drivers 
In terms of the important drivers of the overall benthic macrofaunal assemblage, macroalgal cover and 
both macronutrients (DIN and DIP) were included in the most-parsimonious models of multivariate 
species abundance and presence-absence (Table 5.2). Additionally, location within the stromatolite 
accretion (pool elevation: upper, middle or lower) was an important predictor for species abundance, while 
temperature, pH and saline state in terms of marine- or freshwater-dominated conditions were influential 
towards determining species presence or absence (Table 5.2). Pool elevation and macroalgal cover 
explained the most variability for species abundance (deviance explained: 47 % and 21 %, respectively) 
while saline state, DIN and temperature made the greatest contribution to the explained deviance for 
species presence-absence (24 %, 19 % and 19 %, respectively) (Table 5.2). 
 
Table 5.2 Multivariate generalised linear model of abundance and presence-absence, which were adjudged as 
being the most parsimonious according to AIC scores (3527.7 and 1474.7, respectively), for benthic macrofauna 
species collected at three stromatolite locations during monthly sampling in 2014. The proportion of deviance 
explained (D) by each explanatory variable as well as the test significance (P) is indicated. DIP: dissolved 
inorganic phosphorus; DIN: dissolved inorganic nitrogen. 
  
Residual 
df D% P 
Species abundance model 
Intercept 98 
  Macroalgae 97 21 < 0.001 
DIP 96 15 < 0.01 
DIN 95 17 < 0.01 
Pool elevation 93 47 < 0.05 
  
   Species presence/absence model 
Intercept 98 
  Temperature 97 19 < 0.01 
DIP 96 13 < 0.05 
DIN 95 19 < 0.001 
pH 94 9 0.15 
Macroalgae 93 16 < 0.01 
Saline state 92 24 < 0.001 
 
 
Taxon-specific results, nested within the two multivariate generalized linear models, were not consistent 
across the most numerically-abundant taxa (Table 5.3 and Table 5.4). As observed for the clittelates in 
terms of measured abundance (Table 5.1), pool location was indeed a significant predictor of abundance, 
with more organisms consistently located in seaward, lower pools (Table 5.3). None of the other most 
abundant or common taxa displayed significant trends in relation to pool elevation, although the majority 
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of the explained deviance could be related to this predictor (e.g. 74 % for Sinelobus sp.; Table 5.3). 
However, some of the rarer species (Americorophium triaenonyx, Amakusanthura africana and Assiminea 
cf capensis) demonstrated increased abundance in seaward, lower pool locations (P < 0.20; Supplementary 
Table S5.1). Both P. barnardi and M. zeylanica abundances reflected significant inverse relationships with 
macroalgal cover (Table 5.3), while Cyathura estuaria, an isopod encountered in low abundance at site A 
only (Table 5.1), demonstrated a weakly significant positive relationship with macroalgal cover 
(Supplementary Table S5.1). In terms of macronutrients, none of the numerically dominant species were 
significantly related to DIN. However, O. rectipalma and M. zeylanica, which had a high deviance 
explained by DIN, were related negatively or positively, respectively, to DIN (Fig. 5.2; Table 5.3).  
 
 
Figure 5.2 Abundance of the numerically-dominant macrofaunal species in relation to dissolved inorganic 
nitrogen concentrations within stromatolite pools, differentiated graphically according to saline pool state (dark 
circles: freshwater-dominated conditions, < 5 salinity; white circles: marine-dominated conditions, ≥ 5 salinity). 
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Higher levels of DIN input were strongly related to a reduced abundance of C. estuaria (Fig. 5.2; 
Supplementary Table S5.1), and similarly for Hydrobia knysnaensis, although marginally non-significant 
in the latter (P = 0.08) (Supplementary Table S5.1). The abundance of clittelates was significantly 
inversely related to DIP, while P. barnardi abundance was marginally positively related (P < 0.10) to the 
concentration of this nutrient (Table 5.3). 
 
Table 5.3 Taxon-specific generalised linear modelling output from the most parsimonious multivariate model 
for species abundance (Table 5.2), collected monthly at three stromatolite locations during 2014. Only the most 
common benthic macrofaunal taxa are reported here. For model results of all identified taxa, refer to 
Supplementary Table S5.1. Coefficients (C) indicate the directional effect of each predictor, and the proportion 
of deviance (D) explained by each predictor per species, as well as the test significance of this are shown. DIP: 
dissolved inorganic phosphorus; DIN: dissolved inorganic nitrogen.  
Predictor 
variable   Clittelates Orchestia Sinelobus Nereidids 
Pseudo-
sphaeroma Chironomids Melita 
Macroalgae 
                
C (SE)   -0.02 (0.004) -0.01 (0.005) 0.002 (0.006) -0.01 (0.00) -0.003 (0.010) -0.002 (0.007) -0.02 (0.01) 
D%   9 0 0 45 36 3 49 
P   0.634 1.000 1.000 0.733 * 0.998 ** 
DIP                 
C (SE)   -2.6 (0.68) 1.5 (0.67) 2.0 (0.74) -0.4 (0.50) 2.2 (1.00) -1.1 (0.90) -1.9 (0.69) 
D%   29 4 24 7 27 1 4 
P   ** 0.999 0.990 0.999 ° 0.999 0.996 
DIN                 
C (SE)   0.002 (0.001) -0.003 (0.001) -0.001 (0.001) 0.000 (0.001) 0.001 (0.002) 0.001 (0.002) 0.003 (0.001) 
D%   0 68 2 6 7 18 33 
P   1.000 0.500 1.000 1.000 0.956 0.947 0.103 
Pool                 
C (SE)
Mid
   -0.5 (0.31) -0.5 (0.39) 0.3 (0.43) 0.6 (0.001) 2.0 (0.93) 1.9 (0.56) 1.0 (0.52) 
C (SE)
Up
   -2.3 (0.37) -0.6 (0.41) -0.8 (0.46) 0.3 (0.30) 2.7 (0.93) 1.2 (0.59) 0.9 (0.53) 
D%   62 28 74 42 29 77 14 
P   * 0.832 0.644 0.749 0.317 0.209 0.749 
Significance of P-values: ° P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001 
 
In terms of species presence-absence, nested within the multivariate model, only the two measured 
macronutrients had any significant relationship to the most common/ubiquitous species (selected according 
to highest abundance). Pseudosphaeroma barnardi were significantly more likely to be present when DIP 
concentrations were greater (deviance explained: 73 %; Table 5.4). Similarly, the presence of clittelates 
and M. zeylanica was more likely if DIN concentrations were higher (Table 5.4). The deviance explained 
by DIN for species presence of four of the seven most abundant species was markedly high (> 35 %; Table 
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5.4). Temperature, pH, macroalgal cover and salinity state were not significant predictors of species 
presence for any of the most common species, although they were overall. However, the deviance 
explained by pH for Composetia cf keiskama (55 %) and by salinity state for Sinelobus sp. (52 %) was 
substantial, with the polychaetes less likely to occur under more alkaline conditions, while Sinelobus sp. 
would be more likely to be present when conditions were freshwater-dominated (Table 5.4). The rarer 
species, namely A. africana, A. cf capensis and the two mite taxa, were all more likely to occur under 
marine-dominated conditions rather than fresh (P < 0.05; Supplementary Table S5.2). Additionally, C. 
estuaria was significantly more likely to be encountered when DIN concentrations were low (P < 0.001, 
Supplementary Table S5.2; Fig. 5.2). 
 
Table 5.4 Taxon-specific generalised linear modelling output from the most parsimonious multivariate model 
for species presence-absence (Table 5.2), collected monthly at three stromatolite locations during 2014. Only the 
most common benthic macrofaunal taxa are reported here. For model results of all identified taxa, refer to 
Supplementary Table S5.2. Coefficients (C) indicate the directional effect of each predictor, and the proportion 
of deviance (D) explained by each predictor per species, as well as the test significance of this are shown. DIP: 
dissolved inorganic phosphorus; DIN: dissolved inorganic nitrogen. The coefficient for salinity state is reflective 
of marine compared to freshwater conditions. 
Predictor 
variable   Clittelates Orchestia Sinelobus Nereidids 
Pseudo-
sphaeroma Chironomids Melita 
Temperature                 
C (SE)   0.005 (0.05) -0.1 (0.06) 0.03 (0.05) -0.02 (0.05) -0.1 (0.09) -0.04 (0.06) -0.2 (0.07) 
D%   1 28 11 2 4 9 18 
P   1.000 0.901 1.000 1.000 0.999 1.000 0.732 
DIP                 
C (SE)   -1.9 (0.68) 0.7 (0.61) 0.3 (0.57) -0.9 (0.61) 1.1 (0.69) -0.7 (0.75) -0.8 (0.68) 
D%   9 15 21 1 73 2 14 
P   0.978 0.901 0.992 1.000 ** 1.000 0.771 
DIN                 
C (SE)   0.003 (0.001) -0.001 (0.001) 0.000 (0.001) 0.003 (0.001) 0.002 (0.002) 0.001 (0.001) 0.004 (0.001) 
D%   49 7 4 39 18 42 51 
P   * 0.991 1.000 0.634 0.862 0.931 ** 
pH                 
C (SE)   -0.1 (0.38) -0.5 (0.38) -0.2 (0.36) -1.0 (0.43) 0.1 (0.60) 0.6 (0.45) 0.5 (0.54) 
D%   2 22 12 55 0 22 1 
P   0.997 0.755 0.994 0.302 1.000 0.981 0.997 
Macroalgae                 
C (SE)   -0.002 (0.01) -0.01 (0.01) -0.003 (0.01) -0.002 (0.01) -0.004 (0.01) -0.01 (0.01) -0.01 (0.01) 
D%   6 21 0 3 4 26 16 
P   0.994 0.853 0.997 0.997 0.996 0.989 0.762 
Saline state                 
C (SE)
Marine
   0.9 (0.32) -0.4 (0.33) -0.6 (0.33) -0.1 (0.31) -0.3 (0.51) 0.0 (0.39) 0.0 (0.42) 
D%   33 7 52 0 1 0 0 
P   0.282 0.903 0.713 1.000 0.996 1.000 1.000 
Significance of P-values: ° P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001 
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Combining all species abundances into a measure of total macrofaunal abundance revealed that pH, 
macroalgal cover, pool location and month of sampling were all important predictors included in the most 
parsimonious model (Table 5.5). Macrofaunal abundance was generally highest in the middle to lower, 
seawards pools, peaking seasonally during autumn (May) and spring (October-November) (Fig. 5.3, Table 
5.5). Comparable to the trend observed for many of the most abundant species (Table 5.3), total 
macrofaunal abundance was inversely related to macroalgal cover across all sites (Fig. 5.4a, Table 5.5). 
Additionally, conditions that were more alkaline tended to support fewer macrofaunal organisms overall 
(Table 5.5).  
In terms of species richness within the macrofaunal community, only DIN was selected as an important 
predictor in the most-parsimonious model, with increased concentrations reflecting significantly more 
species (Fig. 5.4b, Table 5.5). Both total macrofaunal abundance and species richness were more variable 
amongst samples at Schoenmakerskop (site B) compared to the other two sites (Table 5.5). 
 
Table 5.5 Summary of the most parsimonious generalised least squares models for benthic macrofauna species 
richness and overall species abundance (AIC: 403.8 and 861.0, respectively), fitted by restricted maximum 
likelihood estimation. Data were collected monthly from three stromatolite locations during 2014. The 
variability (var) of study site is accounted for in both models’ random components. Coefficients (C) indicate the 
directional effect of each explanatory predictor. The test significance of each predictor (P) is also shown. DIN: 
dissolved inorganic nitrogen; POM: particulate organic matter; TSS: total suspended solids. 
  C (SE) t P 
 
Site var 
Overall abundance model 
Intercept 111.7 (29.5) 3.8 < 0.001 
 
A 1.0 
pH -9.4 (3.5) -2.7 < 0.01 
 
B 3.2 
Macroalgae -0.2 (0.1) -4.5 < 0.001 
 
C 1.5 
Pool
Mid
 -6.8 (3.7) -1.9 0.07 
   
Pool
Up
 -11.2 (3.7) -3.0 < 0.01 
   Month refer to Fig. 5.3 
         
     Species richness model 
Intercept 3.7 (0.2) 15.3 < 0.001 
 
A 1.0 
DIN 0.002 (0.001) 2.8 < 0.01 
 
B 1.5 
      
   
C 1.2 
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Figure 5.3 Total macrofaunal abundance within stromatolite pools along the South African coastline according 
to sampling date and differentiated graphically by pool location (lower, white circles; middle, light grey circles; 
upper, dark grey circles). The coefficient estimates for overall abundance for ‘Month’ from the model reflected 
in Table 5.5 is given by the solid line (± SE, dotted lines). Pool locations are partially separated horizontally for 
each month to minimise point overlap. 
 
 
Figure 5.4 Total macrofaunal abundance in relation to percentage macroalgal cover (a) and species richness in 
relation to dissolved inorganic nitrogen (b) for all stromatolite pools sampled along the South African coastline. 
Points are differentiated according to sampling location (site A, Cape Recife, white circles; site B, 
Schoenmakerskop, light grey circles; site C, Seaview, dark grey circles). 
 
None of the other measured environmental predictors, namely dissolved oxygen, turbidity, POM or 
stromatolite benthic microalgae measured as biomass and community composition, were important 
explanatory variables for any of the multivariate community models (Table 5.2) or the total abundance and 
species richness models (Table 5.5). 
CHAPTER 5: DRIVERS OF STROMATOLITE METAZOANS 
Rishworth et al. Limnology and Oceanography (under review) 
 
GM RISHWORTH  74 
5.4. Discussion 
Metazoans are one of the agents responsible for the modern rarity of stromatolites due to grazing and 
burrowing pressures (Riding 2006; Mata & Bottjer 2012). Surprisingly, at the South African stromatolite 
sites, a persistent benthic macrofaunal assemblage is directly associated with the layered accretion (Table 
5.1), an observation which has been highlighted recently (Rishworth et al. 2016a). Although in most 
instances metazoans may be destructive to stromatolite formation, both modern and geological evidence 
suggests that these habitats can function as micro-refugia for benthic invertebrates seeking respite from 
harsh conditions related to anoxia, temperature stress or predation (Garcia-Pichel et al. 2004; Gingras et al. 
2011; Tarhan et al. 2013; Mobberley et al. 2015). Few studies as yet have investigated the possible 
physical and biological drivers of the metazoan assemblage associated with a living microbialite. 
Therefore, the results presented here represent an important contribution to our understanding of modern 
microbialite-metazoan dynamics. 
5.4.1. Community patterns 
The benthic macrofaunal community within the stromatolites along the South African coastline was similar 
in terms of the major taxonomic groups to those found in microbialites elsewhere (Garrett 1970; Konishi et 
al. 2001; Garcia-Pichel et al. 2004; Dinger et al. 2006; Allen et al. 2009; Tarhan et al. 2013; Edgcomb et 
al. 2014; Rishworth et al. 2016a). These microbialite communities are broadly defined by several groups 
(Fig. 5.1) including burrowing metazoans (clittelates and polychaetes as well as tube-dwelling 
malacostracans such as tanaids or isopods, for example Cyathura estuaria and Sinelobus sp. in the current 
study), insect larvae as well as mobile, free-living amphipods and isopods. Gastropods also form a 
consistent component of most microbialite metazoan assemblages, although usually not as a dominant 
group (Rishworth et al. 2016a). 
In the current study, invertebrates demonstrated a close association in terms of composition with those 
found in adjacent estuaries (Teske & Wooldridge 2001, 2003), particularly amongst many of the 
amphipods and isopods. Species usually found in either marine or freshwater habitats were also identified: 
insect larvae associated with freshwater habitats were encountered in upper pools, predominantly, while 
species common to the marine coastline of South Africa, especially the gastropods, were observed in the 
lower pools. Additionally, and as highlighted previously (Rishworth et al. 2016a), unique species were 
observed in these stromatolite habitats. These include the first record of a halophilic littoral centipede for 
South Africa (Barber 2011), Tuoba cf poseidonis (Fig. 5.1i), and Sinelobus sp. (Fig. 5.1e), a tanaid which 
was previously thought to be a globally cosmopolitan genus but has now recently been divided into several 
geographically isolated species (Bamber 2014). The amphipod, Bolttsia minuta (Fig. 5.1j), was also an 
interesting addition to the community as it was first described from a land-locked, relic estuarine lake in 
South Africa (Griffiths 1976). The occurrence of these species in the stromatolite habitats has not been 
fully-elucidated. Possible introductory vectors could have been ship ballast water discharge or 
opportunistic colonization from geographically-isolated habitats (sensu Miranda et al. 2016). Alternatively, 
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the species may have co-occurred historically with the stromatolite habitats and have since occupied them 
as refugia during recent environmental perturbations. Unlike the bacterial component of some 
microbialites, which can be distinct from adjacent habitats (White III et al. 2016), it does not seem that the 
benthic metazoan assemblage described in the current study is entirely unique to this stromatolite habitat. 
However, the species encountered (Miranda et al. 2016; Rishworth et al. 2016a) do suggest an important 
ecological role of the stromatolite ecosystem for some taxa. 
5.4.2. Community drivers 
For the benthic microalgae that form the South African stromatolites, previous work suggests that it is the 
dynamic seasonal interaction of temperature and salinity variability that controls microalgal diversity and 
abundance (Rishworth et al. 2016c). The inflowing, fresh groundwater supports primarily freshwater 
conditions in the stromatolite pools, while tidal and storm-induced marine input, during spring high tides 
and winter especially, create temporary marine conditions (Rishworth et al. 2017b). This interplay drives 
the community shifts observed in the benthic microalgae (Rishworth et al. 2016c). We hypothesised that 
the benthic macrofaunal community might be driven by similar forces, specifically for those species that 
are not a consistent feature of the assemblage. There was indeed some evidence to suggest this, with most 
of the explained deviance for species presence-absence overall being related to salinity state (Table 5.2). 
Uncommon species such as the gastropods, some of the malacostracans such as Americorophium 
triaenonyx and Amakusanthura africana, and the mites were statistically more likely to be encountered 
when marine conditions prevailed. Interestingly, those species that were observed consistently in high 
abundance in the stromatolite matrix were not appreciably affected by saline conditions (Table 5.4). This 
supports previous observations that the primary invertebrate community assemblage at the stromatolite 
pools belongs to an estuarine-type of association, able to tolerate and persist under the variable, euryhaline 
salinity regime (Perissinotto et al. 2014; Rishworth et al. 2016a). 
It has been suggested that salinity variability in general is a more influential driver of aquatic species 
distribution patterns than average salinity conditions (Montague & Ley 1993; Van Diggelen & Montagna 
2016). Species diversity and richness are usually lower in estuarine habitats that experience more frequent 
and extreme shifts in salinity from fresh to marine conditions (Van Diggelen & Montagna 2016). The 
moderate species richness at the stromatolite sites (not exceeding 8 species in any pool region; Fig. 5.4b) 
suggests this effect of large variations in salinity that characterise the South African stromatolite pool 
environments. Indeed, the stromatolite pools at all three sites undergo cyclical periods of complete shifts 
between marine (> 25 salinity) and fresh (0-5 salinity) conditions, following an approximate weekly 
pattern that tracks the local tidal cycle (Rishworth et al. 2017b). Salinity variability therefore seems to be 
an important factor for predicting macrofaunal species presence, especially for those species that are 
infrequently encountered.  
Salinity state was not an important predictor for species abundance as it was for species presence (Table 
5.2). Pool elevation, or horizontal location within the stromatolite accretion (upper, middle or lower pools), 
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is defined by a gradient of average salinity conditions: the lower, seaward pools generally experience 
saline, marine conditions compared to the fresh, landward pools (Rishworth et al. 2016c). Therefore, those 
species that displayed a relationship with pool elevation (Table 5.3) might have been driven by spatial 
factors associated with pool location, such as average salinity conditions. As an example amongst the 
worm-like detritivores, the clittelates clearly were more abundant in the lower pools while the chironomids 
were more prevalent in the upper, fresher pools. Additionally, the factors associated with pool elevation 
were a significant predictor of overall macrofaunal abundance, with higher densities of organisms tending 
to be associated with the lower, seaward pools (Table 5.5). In estuaries, which are similar in principle to 
the peritidal stromatolite pools (Rishworth et al. 2016b), both macrofaunal biomass (Edgar & Barrett 2002; 
Hampel et al. 2009) and diversity (Whitfield et al. 2012) are strongly linked to and shift with the gradient 
of salinity from fresh to marine conditions. Of a different association to average euryhaline salinity 
conditions, in some other modern microbialites, hypersalinity (> 40 salinity) has been linked to the lack of 
an abundant invertebrate assemblage, this then enabling the microbialite to persist in the absence of 
metazoan disruption (Bouton et al. 2016; Suosaari et al. 2016). Salinity conditions therefore are important 
in both intertidal (this study) and hypersaline (Bouton et al. 2016; Suosaari et al. 2016) stromatolites in 
terms of restricting benthic macrofauna. 
In addition to salinity variability, and salinity gradients associated with pool elevation, other environmental 
factors were important drivers of the benthic macrofaunal community investigated in this study. The most 
apparent of these were related to the macronutrients, nitrogen and phosphorus (Table 5.2). Previous work 
has shown that there appears to be little effect of macronutrients on the benthic microalgal community that 
construct the stromatolites compared to seasonal drivers and salinity (Rishworth et al. 2016c), while both 
nitrogen and phosphorus availability significantly affect the phytoplankton biomass and community 
composition (Rishworth et al. 2016b). Higher nitrogen input, which is associated with variable levels of 
anthropogenic load at the stromatolite sites (Rishworth et al. 2017b), resulted in decreased phytoplankton 
biomass (Rishworth et al. 2016b). The bottom-up influence of nutrient enrichment, in terms of increasing 
the abundance of and contributing towards community composition shifts amongst primary producers, has 
been well-documented along rocky coastlines and in estuaries (Menge 1992; Menge et al. 1997; Adams et 
al. 1999; Menge 2000). In these ecosystems, increased nutrient input is observed as a cascading effect 
whereby a greater diversity and abundance of organisms are supported under conditions of higher resource 
availability at the primary producer level (Menge 1992, 2000). These trophic-level responses can vary, and 
are not always simple to predict, depending on ecosystem characteristics, background nutrient load and 
food-web complexities, including predation pressures (Menge 2000; Posey et al. 2002; Posey et al. 2006; 
Whomersley et al. 2010). Beyond a certain threshold, nutrient enrichment results in eutrophic conditions 
that can deplete biological diversity, and shift ecosystem functioning (Lemley et al. 2015). Eutrophic 
conditions that might have resulted from the high nutrient input into the stromatolite systems (Lemley et 
al. 2015; Rishworth et al. 2016c), have not been observed in the pools yet, because of the low water 
retention time caused by the constant freshwater inflow that does not allow for nutrient accumulation 
(Rishworth et al. 2016b). 
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In the current study, nutrient enrichment in terms of DIN was the most important correlate of increasing 
species richness (Fig. 5.4b; Table 5.5), which is in agreement with the aforementioned principles of 
nutrients being linked to resource availability. The variable response of different benthic macrofaunal 
species to nutrient conditions is likely a result of the complex interaction of nutrient regimes on the 
primary producers associated with the stromatolite pools. In a mesocosm experiment, pelagic nutrient 
enrichment resulted in an increase in benthic production and consumption, including an increase in benthic 
invertebrate densities (Blumenshine et al. 1997). Therefore, in the stromatolite ecosystem of the current 
study, which is driven by benthic production (Rishworth et al. 2016b), pelagic nutrient enrichment in terms 
of DIN and DIP is expectedly reflected by an indirect response of some benthic species (Tables 5.3 and 
5.4).  
Linked to the nutrient conditions within the stromatolites pools is the primary producer community, which 
acts as the principal food resource for the benthic infauna. This study attempted to relate the metazoan 
community to resource availability, the pelagic resources being total suspended solids (reflecting 
phytoplankton biomass and detrital input), which would be important for filter feeders and detritivores 
(Miranda et al. 2016). Benthic resources considered were stromatolite microalgae (both biomass and 
composition) and macroalgal cover, which provide food or habitat resources for benthic invertebrates 
(Lévesque et al. 2015). Only macroalgal cover, predominantly comprised of Ulva spp. (Perissinotto et al. 
2014), was significantly related to benthic macrofaunal community metrics (Tables 5.3, 5.4 and 5.5). 
Although a distinction temporally and between sites in terms of the shifting dominance between 
cyanobacteria and diatom stromatolite microalgae has been observed (Rishworth et al. 2016c), the 
stromatolite infauna did not appear to respond to this variability. This was unlike that observed in the 
marine microbialites of the Exuma Cays, Bahamas, where variations in microalgal taxa between 
microbialite mat types have been linked to macrofaunal abundance patterns (Tarhan et al. 2013). In other 
intertidal or estuarine environments, macroalgal biomass has been shown either to increase or decrease 
with macrofaunal abundance and biomass, for reasons related to grazing (Carvalho et al. 2011) or habitat 
alteration (Magni et al. 2006), respectively. Interestingly, macroalgal cover was generally inversely related 
to macrofaunal abundance in this study, suggesting the possible grazing effect of the invertebrates. The 
implications of this are instructive from a stromatolite persistence perspective. Our results suggest that the 
benthic invertebrates might be consuming macroalgae while comparatively ignoring the stromatolite 
benthic microalgae (see also Rishworth et al. 2017a), as no association was observed between macrofauna 
and benthic microalgae, the latter forming the stromatolite structure inhabited by the infauna. This 
apparently relaxed grazing pressure on the microalgae would contribute towards explaining why the 
stromatolites at these sites are able to coexist with metazoans that live in a manner potentially destructive 
to stromatolite layering (Rishworth et al. 2016a). Dietary observations, specifically focused on the reliance 
of metazoans on stromatolite microalgae compared to other primary producer groups, have confirmed this 
observation using stable isotopes (Rishworth et al. 2017a). 
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5.4.3. Conclusion 
The benthic infauna coexisting with the South African stromatolites is related to an array of direct and 
indirect, bottom-up forces. Physiological pressures in terms of salinity tolerances appear to dictate 
macrofaunal abundance and, particularly, presence-absence patterns, while direct (macroalgae) and 
indirect (macronutrients) factors related to resource availability are likely the important determinants for 
the community composition as a whole. An aspect which has not been addressed in this study is the role of 
top-down forces on the benthic community (Menge 2000), this being in terms of predation or species 
interactions. The peritidal stromatolite ecosystem is a benthic-oriented habitat, driven by stromatolite 
microalgae that have an exceptionally high biomass compared to pelagic phytoplankton (Rishworth et al. 
2016b). This, together with the importance of nutrients and calcium carbonate within the inflowing water 
that sustains this system (Smith et al. 2011; Perissinotto et al. 2014; Rishworth et al. 2016b; Rishworth et 
al. 2016c; Rishworth et al. 2017b), suggests that bottom-up forces are likely a more important driver 
within biological assemblages than top-down forces such as predation by fishes or shorebirds. However, 
future studies should consider the role of predators, as well as other species interactions from the pelagic 
invertebrate community, in order to gain a holistic understanding of the infaunal dynamics. For instance, 
fishes play an important role in structuring the grazer invertebrate assemblages in a freshwater stromatolite 
in Cuatro Ciénegas, México, which thereby indirectly controls the community composition of the 
microalgae (Dinger et al. 2006). Considering this, a complementary study has been initiated to clarify the 
dynamics at the top of the stromatolite food web (see Chapter 6: Rishworth et al. 2017a). 
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5.5. Supplementary Material 
Table S5.1 Taxon-specific generalised linear modelling output from the most parsimonious multivariate model for species abundance (Table 5.2), sorted according to species 
abundance for collections made monthly at three stromatolite locations during 2014. Coefficients (C) indicated the directional effect of each predictor, and the total deviance 
(D) explained by each predictor per species, as well as the test significance of this are shown. DIP: dissolved inorganic phosphorus; DIN: dissolved inorganic nitrogen. Table 
continued on the following page. 
  Macroalgae DIP DIN Pool PoolMid PoolUp 
Species D P C SE D P C SE D P C SE D P C SE C SE 
unid. (Naididae, Enchtraeidae) 4.6 0.6 -0.02 0.00 14.8 0.0 -2.55 0.68 0.0 1.0 0.00 0.00 31.6 0.0 -0.52 0.31 -2.33 0.37 
Orchestia rectipalma 0.0 1.0 -0.01 0.01 0.3 1.0 1.55 0.67 5.9 0.5 0.00 0.00 2.4 0.8 -0.47 0.39 -0.59 0.41 
Sinelobus sp. 0.0 1.0 0.01 0.02 0.8 1.0 -6.03 10.54 0.0 1.0 0.01 0.01 7.2 0.5 -13.17 150.15 -12.48 141.88 
Composetia cf keiskama 3.9 0.7 -0.01 0.00 0.6 1.0 -0.40 0.50 0.5 1.0 0.00 0.00 3.7 0.7 0.59 0.30 0.30 0.32 
Pseudosphaeroma barnardi 11.3 0.0 0.00 0.01 8.5 0.1 2.16 1.00 2.3 1.0 0.00 0.00 9.2 0.3 2.03 0.93 2.74 0.93 
unid. (Chironomidae) 0.4 1.0 0.00 0.01 0.2 1.0 -1.08 0.90 2.5 0.9 0.00 0.00 10.3 0.2 1.88 0.56 1.17 0.59 
Melita zeylanica 14.5 0.0 -0.02 0.01 1.2 1.0 -1.90 0.69 9.8 0.1 0.00 0.00 4.2 0.7 1.05 0.52 0.90 0.53 
Physocypria capensis 0.0 1.0 -0.01 0.02 2.7 0.9 -17.52 7.55 7.4 0.3 0.01 0.00 4.8 0.7 13.68 129.37 11.70 129.37 
Assiminea cf capensis 0.1 1.0 -0.05 0.02 1.5 1.0 8.03 8.35 0.5 1.0 0.01 0.01 13.8 0.1 -20.48 77.63 -24.74 66.94 
Americorophium triaenonyx 4.7 0.6 -0.04 0.01 2.2 1.0 -0.22 2.55 2.0 1.0 0.00 0.00 10.9 0.2 -2.17 1.11 -14.67 166.39 
Cyathura estuaria 9.4 0.1 0.01 0.01 0.5 1.0 2.05 3.75 15.5 0.0 -0.02 0.01 8.4 0.4 -0.12 0.83 1.69 0.68 
Dasyhelea sp. 3.4 0.8 0.01 0.01 1.7 1.0 -5.09 4.60 0.2 1.0 0.00 0.00 6.6 0.6 -1.86 0.92 -2.15 1.12 
Synidotea variegata 0.0 1.0 0.01 0.02 0.2 1.0 -0.05 1.65 0.3 1.0 0.00 0.00 6.4 0.6 11.96 174.08 13.06 174.08 
Cyclograpsus punctatus 0.0 1.0 0.00 0.01 1.9 1.0 2.03 0.74 0.1 1.0 0.00 0.00 5.9 0.6 0.29 0.43 -0.85 0.46 
Hydrobia knysnaensis 0.8 1.0 -0.21 0.34 1.7 1.0 -77.18 85.99 10.9 0.1 -0.06 0.08 0.1 0.8 -7.93 39.34 -5.42 32.61 
Afrolittorina knysnaensis 1.9 1.0 0.02 0.09 3.2 0.8 38.63 35.14 1.1 1.0 -0.02 0.08 0.4 0.8 -21.51 53.59 -36.70 64.28 
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  Macroalgae DIP DIN Pool PoolMid PoolUp 
Species D P C SE D P C SE D P C SE D P C SE C SE 
Amakusanthura africana 1.2 1.0 0.34 0.28 0.0 1.0 -132.83 107.77 1.2 1.0 0.19 0.15 12.8 0.1 -64.60 50.49 -53.37 42.30 
Ectias angusta 2.6 0.9 -0.04 0.04 0.0 1.0 4.08 4.82 0.1 1.0 0.00 0.01 4.1 0.7 -2.54 3.77 -14.44 96.56 
Grandidierella lutosa 3.4 0.8 -0.29 0.81 0.9 1.0 -1.98 5.82 2.6 0.9 0.02 0.02 0.1 0.8 -4.09 63.46 1.29 44.09 
Amphicorina parvula 0.8 1.0 0.10 0.10 0.1 1.0 -28.59 41.62 0.0 1.0 0.03 0.03 2.5 0.8 -17.91 61.56 -15.88 52.08 
Boccardia pseudonatrix 0.0 1.0 0.14 0.15 1.3 1.0 -95.42 100.17 0.4 1.0 0.08 0.10 5.2 0.7 -33.46 43.00 -28.04 36.20 
Pionosyllis cf ehlersiaeformia 1.3 1.0 0.04 0.04 0.7 1.0 -18.92 20.44 0.0 1.0 0.01 0.01 4.9 0.7 -12.02 106.11 -10.53 76.86 
unid. (Tipulidae) 3.1 0.9 0.01 0.06 2.4 1.0 24.68 25.45 1.0 1.0 0.02 0.01 4.4 0.7 -24.66 51.18 -37.33 50.64 
Semiocladius sp. 2.2 0.9 -0.06 0.04 0.3 1.0 0.16 2.83 0.4 1.0 -0.01 0.01 2.3 0.8 10.90 124.76 10.53 124.77 
unid. (Dolichopodidae) 5.4 0.5 0.14 0.10 0.1 1.0 -11.52 13.43 1.2 1.0 0.02 0.01 7.8 0.4 -13.25 73.79 -12.03 62.47 
Tuoba cf poseidonis 3.4 0.8 -0.22 0.20 0.8 1.0 107.37 75.40 0.1 1.0 0.08 0.06 5.8 0.6 -98.68 66.41 -155.93 105.46 
unid. (Microtrombidiidae), 
Platytrombidium cf. africanum 
0.2 1.0 0.00 0.02 0.1 1.0 3.22 8.15 0.1 1.0 0.00 0.01 4.3 0.7 -12.75 149.84 -13.97 123.23 
Bolttsia minuta 3.4 0.8 0.06 2.66 5.8 0.4 31.01 84.17 0.0 1.0 -0.04 0.56 0.0 0.8 1.44 181.73 0.79 206.33 
unid. (Flabellifera) 0.2 1.0 -0.02 0.05 1.5 1.0 -54.55 157.84 0.1 1.0 0.00 0.02 1.9 0.8 -8.48 75.24 -7.64 45.34 
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Table S5.2 Taxon-specific generalised linear modelling output from the most parsimonious multivariate model for species presence-absence (Table 5.2), sorted according to 
species abundance for collections made monthly at three stromatolite locations during 2014. Coefficients (C) indicate the directional effect of each predictor, and the total 
deviance (D) explained by each predictor per species, as well as the test significance of this are shown. DIP: dissolved inorganic phosphorus; DIN: dissolved inorganic 
nitrogen. The coefficient for saline state is reflective of marine compared to freshwater conditions. Table continued on the following page. 
  Macroalgae DIP DIN pH Temperature Salinity state Marine 
Species D P C SE D P C SE D P C SE D P C SE D P C SE D P C SE 
unid. (Naididae, 
Enchtraeidae) 
1.4 1.0 0.00 0.01 2.0 1.0 -1.9 0.7 11.2 0.0 0.003 0.001 0.4 1.0 -0.1 0.4 0.3 1.0 0.00 0.05 7.5 0.3 0.9 0.3 
Orchestia rectipalma 3.7 0.9 -0.01 0.01 2.6 0.9 0.7 0.6 1.3 1.0 -0.001 0.001 3.9 0.8 -0.5 0.4 5.0 0.7 -0.14 0.06 1.3 0.9 -0.4 0.3 
Sinelobus sp. 0.2 1.0 0.01 0.02 0.7 1.0 -3.7 6.2 0.0 1.0 0.002 0.006 0.1 1.0 -0.2 1.6 0.0 1.0 0.05 0.18 1.7 0.9 1.7 1.4 
Composetia cf 
keiskama 
0.3 1.0 0.00 0.01 0.1 1.0 -0.9 0.6 5.0 0.6 0.003 0.001 7.0 0.3 -1.0 0.4 0.2 1.0 -0.02 0.05 0.0 1.0 -0.1 0.3 
Pseudosphaeroma 
barnardi 
0.7 1.0 0.00 0.01 13.8 0.0 1.1 0.7 3.3 0.9 0.002 0.002 0.0 1.0 0.1 0.6 0.8 1.0 -0.08 0.09 0.3 1.0 -0.3 0.5 
unid. (Chironomidae) 1.5 1.0 -0.01 0.01 0.1 1.0 -0.7 0.8 2.5 0.9 0.001 0.001 1.3 1.0 0.6 0.5 0.5 1.0 -0.04 0.06 0.0 1.0 0.0 0.4 
Melita zeylanica 4.5 0.8 -0.01 0.01 3.7 0.8 -0.8 0.7 14.2 0.0 0.004 0.001 0.3 1.0 0.5 0.5 4.9 0.7 -0.17 0.07 0.0 1.0 0.0 0.4 
Physocypria capensis 1.0 1.0 -0.02 0.01 2.0 1.0 -4.3 3.7 2.1 1.0 -0.001 0.003 2.6 0.9 1.9 1.0 0.0 1.0 -0.02 0.14 2.1 0.9 -1.4 1.1 
Assiminea cf capensis 0.0 1.0 0.02 0.02 0.4 1.0 1.4 4.1 0.9 1.0 -0.013 0.008 4.2 0.7 6.3 2.5 0.7 1.0 -0.24 0.13 18.3 0.0 16.6 44.8 
Americorophium 
triaenonyx 
2.9 0.9 -0.01 0.01 0.3 1.0 -0.2 1.9 0.5 1.0 -0.002 0.004 0.0 1.0 -0.1 1.0 0.2 1.0 -0.01 0.12 2.5 0.8 1.2 0.8 
Cyathura estuaria 1.0 1.0 -0.01 0.01 3.1 0.9 4.6 3.0 22.1 0.0 -0.020 0.008 2.2 1.0 -0.9 0.8 0.4 1.0 0.08 0.17 7.5 0.3 -2.7 1.2 
Dasyhelea sp. 0.9 1.0 0.01 0.01 2.6 0.9 -3.2 4.7 1.5 1.0 -0.002 0.004 0.0 1.0 -1.0 1.0 7.7 0.4 0.32 0.12 3.1 0.8 1.3 0.7 
Synidotea variegata 0.4 1.0 0.01 0.02 0.1 1.0 0.5 1.7 0.1 1.0 0.000 0.003 1.7 1.0 -1.0 1.2 0.3 1.0 0.06 0.19 3.7 0.7 -12.1 173.9 
Cyclograpsus 
punctatus 
0.0 1.0 0.00 0.01 1.4 1.0 0.3 0.6 0.3 1.0 0.000 0.001 0.8 1.0 -0.2 0.4 0.7 1.0 0.03 0.05 3.5 0.7 -0.6 0.3 
Hydrobia knysnaensis 7.7 0.4 -0.21 0.79 1.3 1.0 -28.8 91.8 1.0 1.0 -0.105 0.167 0.0 1.0 11.5 27.8 0.0 1.0 0.76 4.97 0.0 1.0 8.6 53.4 
Afrolittorina 
knysnaensis 
0.7 1.0 0.10 0.84 0.1 1.0 23.6 88.1 4.7 0.7 -0.033 0.299 0.0 1.0 1.4 40.6 5.7 0.7 -2.85 10.37 0.0 1.0 -1.3 48.9 
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  Macroalgae DIP DIN pH Temperature Salinity state Marine 
Species D P C SE D P C SE D P C SE D P C SE D P C SE D P C SE 
Amakusanthura 
africana 
1.2 1.0 0.46 0.33 0.2 1.0 -105.8 80.1 0.3 1.0 0.059 0.066 1.6 1.0 26.6 24.2 1.2 1.0 -3.15 2.53 14.9 0.0 35.4 24.9 
Ectias angusta 5.6 0.7 -0.54 0.41 0.5 1.0 3.1 3.6 0.1 1.0 -0.019 0.017 1.1 1.0 40.0 30.0 2.3 1.0 -1.27 1.15 0.9 0.9 -2.1 2.3 
Grandidierella lutosa 1.4 1.0 -0.73 0.58 2.1 1.0 -15.1 32.1 3.1 0.9 0.062 0.064 0.0 1.0 9.3 27.5 5.0 0.7 4.72 3.66 0.4 1.0 -7.2 23.1 
Amphicorina parvula 0.2 1.0 0.06 0.55 0.4 1.0 7.4 260.1 0.0 1.0 -0.028 0.181 0.5 1.0 0.8 50.8 10.0 0.2 2.04 4.25 0.0 1.0 -18.9 56.0 
Boccardia 
pseudonatrix 
0.1 1.0 -0.06 0.76 1.3 1.0 -55.7 182.3 0.2 1.0 0.025 0.188 0.0 1.0 18.0 104.8 7.8 0.4 2.18 3.23 0.6 1.0 18.3 67.0 
Pionosyllis cf 
ehlersiaeformia 
0.5 1.0 0.12 0.12 1.1 1.0 -273.4 129.7 0.1 1.0 -0.110 0.066 1.0 1.0 2.0 5.7 0.0 1.0 3.81 1.82 7.5 0.3 11.6 6.3 
unid. (Tipulidae) 6.1 0.6 0.72 1.91 0.0 1.0 25.9 90.1 0.5 1.0 0.097 0.135 0.5 1.0 9.7 108.1 12.3 0.1 -5.68 10.30 0.0 1.0 0.8 80.1 
Semiocladius sp. 3.6 0.9 -0.06 0.05 0.0 1.0 0.4 2.8 0.0 1.0 -0.006 0.008 0.3 1.0 3.0 3.4 0.3 1.0 -0.15 0.28 0.1 1.0 -0.4 1.7 
unid. 
(Dolichopodidae) 
7.1 0.5 0.20 0.19 0.4 1.0 4.8 11.6 0.1 1.0 0.012 0.007 0.7 1.0 -3.4 2.4 0.2 1.0 0.07 0.14 4.7 0.6 3.5 1.8 
Tuoba cf poseidonis 4.0 0.8 -0.29 0.41 0.2 1.0 -3.0 34.6 0.1 1.0 0.051 0.100 0.0 1.0 -16.4 51.1 5.7 0.7 -3.86 4.62 0.0 1.0 20.5 24.9 
unid. 
(Microtrombidiidae), 
Platytrombidium cf. 
africanum 
0.1 1.0 0.55 0.29 0.2 1.0 -122.2 70.7 0.2 1.0 0.007 0.038 1.7 1.0 54.6 28.2 2.7 0.9 -6.87 3.86 13.6 0.0 67.0 32.3 
Bolttsia minuta 0.0 1.0 0.03 2.51 11.2 0.1 33.8 129.4 0.0 1.0 -0.045 0.532 0.0 1.0 0.6 58.9 0.0 1.0 -1.20 25.59 0.0 1.0 -4.6 132.5 
unid. (Flabellifera) 7.9 0.4 -0.14 0.65 1.3 1.0 -12.4 126.3 0.0 1.0 -0.019 0.166 1.8 1.0 27.0 40.2 0.0 1.0 -0.78 4.65 0.1 1.0 18.0 43.7 
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CHAPTER 6 
NON-RELIANCE OF METAZOANS ON STROMATOLITE-FORMING MICROBIAL MATS AS 
A FOOD RESOURCE 
------------------------------------------- 
Submitted and published: Rishworth, GM, Perissinotto, R, Bird, MS, Strydom, NA, Peer, N, Miranda, 
NAF, & Raw, JL. Non-reliance of metazoans on stromatolite-forming microbial mats as a food resource. 
Scientific Reports 7: e62614 
------------------------------------------- 
Grazing and burrowing organisms usually homogenise microalgal mats that form on benthic sediments of 
many aquatic ecosystems. In the absence of this disruption, microalgal mats can accrete laminated deposits 
(stromatolites). Stromatolites are rare in modern coastal ecosystems, but persist at locations where 
metazoans are largely excluded. This study aimed to assess the trophic structure at stromatolite locations 
where metazoans co-occur, to determine the grazing influence exerted by the metazoans on the 
stromatolite-forming microalgae (cyanobacteria and diatoms). Stable isotope signatures (δ
13
C and δ
15
N) 
were used as food-web tracers and dietary composition of consumers was calculated using source mixing 
models. Results clearly demonstrated that the dominant macrofaunal grazers do not utilise stromatolite 
material as a food resource, but rather subsist on autochthonous macroalgae. For instance, the mean (± SD) 
dietary composition of two of the most abundant grazers, Melita zeylanica (Amphipoda) and Composetia 
cf keiskama (Polychaeta), consisted of 80 ± 11% and 91 ± 7% macroalgae, respectively. This suggests that 
the stromatolite-forming benthic microalgae are not disrupted significantly by grazing pressures, which 
thereby allows for the layered mineralisation process to perpetuate. Additionally, grazers likely have a 
restrictive influence on pool macroalgae, thereby contributing towards maintaining the competitive balance 
between micro- and macroalgal groups. This study also provides baseline δ
15
N signatures that reflect a 
gradient of anthropogenic groundwater nutrient pollution, which will be useful for future monitoring of 
these rare ecosystems. 
6.1. Introduction 
The shallow ocean floor during the Precambrian was a vastly different habitat to what it is today, with all 
areas then being dominated by extensive mats formed by microbial organisms (Seilacher 1999). Although 
these mats did remain into the Cambrian (Buatois et al. 2014), the rapid evolution of multicellular animals 
(metazoans) during this time (circa 540 Ma; Marshall 2006) dramatically changed the marine landscape 
into one that was bioturbated (Bottjer et al. 2000). Microbial mats that would once have formed laminated 
deposits (stromatolites) over time were then disrupted by metazoan activities. This is reflected in the fossil 
record, from as early as 3.45-3.7 Ga (Allwood et al. 2006; Nutman et al. 2016), whereby stromatolites are 
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extensively-preserved prior to the Cambrian radiation of metazoan life (Riding 2006, 2011), but show a 
marked decrease following this period (Mata & Bottjer 2012) and are currently scarce in most modern 
environments.  
Stromatolites are constructed by cyanobacteria that precipitate calcium carbonate as a by-product of 
metabolic activities, thereby forming layered accretions (Reid et al. 2000; Dupraz et al. 2009). Other 
microalgae, such as diatoms, may further contribute to this layering process by trapping and binding 
sediment (Frantz et al. 2015). In modern circumstances where metazoans that graze and burrow are largely 
excluded, such as under hypersaline (Suosaari et al. 2016) or highly erosive (Bowlin et al. 2012) 
conditions, stromatolites may form. Indeed, experimental evidence has shown that the absence or removal 
of benthic fauna from microbial mats in shallow-water sediments results in distinct layered growth, which 
resembles stromatolites (Fenchel 1998). These observations on the apparent incompatibility of 
stromatolites and metazoans have resulted in the ‘metazoan-microbialite exclusion’ hypothesis (Garrett 
1970; Walter & Heys 1985), which seeks to explain the Phanerozoic scarcity of stromatolites (Mata & 
Bottjer 2012), in addition to other limiting factors such as current, reduced ocean calcium carbonate levels 
(Grotzinger 1990).  
Perhaps counterintuitively, recent evidence has demonstrated that metazoans can and do coexist with 
living microbialites (Tarhan et al. 2013), including distinctly-layered stromatolites (Rishworth et al. 
2016a). The factors explaining this coexistence are complex. For example, in Cuatro Ciénegas, México, 
oncolites (free-forming, spherical stromatolites) grow in a freshwater environment and co-occur with a 
high abundance of snails (Garcia-Pichel et al. 2004; Dinger et al. 2006). Within this habitat, the rapid 
growth rate of the microbialites, sustained by high concentrations of calcium carbonate, exceeds the rate of 
grazing by snails and thereby enables the stromatolites to persist (Garcia-Pichel et al. 2004). Another 
hypothesis proposes that selective forces would favour the coexistence of metazoans with microbialites, 
due to the refugia benefits provided by the microbialite habitat. Benefits include increased oxygen 
resources at the benthic-water interface, as shown for past (Seilacher 1999; Gingras et al. 2011) and 
modern (Mobberley et al. 2015) microbialites, as well as to escape from predators (Dinger et al. 2006; 
Tarhan et al. 2013). 
In the peritidal stromatolites discovered in South Africa from the early 2000s (Smith et al. 2011; 
Perissinotto et al. 2014), a persistent assemblage of metazoans has been encountered (Rishworth et al. 
2016a). These stromatolites grow in the upper intertidal to supratidal zone (Perissinotto et al. 2014) and are 
principally constructed by cyanobacteria and diatoms (Rishworth et al. 2016c). It seems that it is the 
dynamic and regularly-changing salinity conditions within the pools (Rishworth et al. 2017b) that drives 
the stromatolite community (Rishworth et al. 2016b; Rishworth et al. 2016c), however the reasons as to 
why the benthic metazoan community is able to persist, without an apparently destructive influence on the 
stromatolites (Rishworth et al. 2016a), are as yet unclear. An understanding of the trophic dynamics within 
the pools would be particularly instructive in this regard. This would provide clarity on whether the 
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coexisting metazoans are using the stromatolites as a food resource (grazing) or only as a habitat 
(burrowing: Rishworth et al. 2016a).  
Therefore, the aim of this study was to investigate the food-web dynamics within the South African 
stromatolite pools. The key hypothesis being tested is that the infaunal metazoans directly inhabiting the 
stromatolite material, in addition to the epifaunal grazers, rely minimally on stromatolite microalgae as a 
food resource. Instead, the metazoans may rather consume other primary resources such as macroalgae, 
plant detritus or non-stromatolitic microalgae. This hypothesis is tested using a stable isotope (SI) 
approach (δ
13
C and δ
15
N) (Peterson & Fry 1987; Peterson 1999; Layman et al. 2012) to infer the food 
resources consumed and the trophic level of each infaunal and epifaunal taxon within the stromatolite 
ecosystem. It has been shown that in other intertidal and estuarine habitats, benthic microalgae have a 
distinct carbon isotope signature compared to other producers (see Kang et al. 2003). This observation, if 
similarly apparent in the stromatolite sites, would enable stromatolite benthic microalgae to be 
distinguished amongst consumer organisms as a food resource. Although several studies have reported on 
the inorganic carbon component of stromatolite material (e.g. Planavsky et al. 2009; Smith et al. 2011), 
this is the first study to investigate the organic carbon and trophic linkages in any extant stromatolite 
ecosystem. 
6.2. Materials and Methods 
6.2.1. Study site 
Stromatolites form along the South African coastline at areas where groundwater that is rich in calcium 
carbonate interacts with marine water at the upper intertidal to supratidal zone (Smith et al. 2011), 
currently known from over 500 locations (Perissinotto et al. 2014). Three representative stromatolite 
localities have been investigated previously (Perissinotto et al. 2014; Rishworth et al. 2016a; Rishworth et 
al. 2016b; Rishworth et al. 2016c; Rishworth et al. 2017b) at Cape Recife (site A; 34°02’42.13’S, 
25°34’07.50’’E), Schoenmakerskop (site B; 34°02’28.23’’S, 25°32’18.60’’E) and Seaview (site C; 
34°01’03.16’’S, 25°21’56.48’’E), southwest of Port Elizabeth. As such, these were the locations for 
sample collection during the current study (Fig. 1.1). This region of the South African coastline is exposed 
to high-energy wave and storm conditions, with a microtidal (≤ 2.0 m), diurnal tidal regime (Goschen et al. 
2012), located within the biodiverse Agulhas bioregion (Griffiths et al. 2010). 
The stromatolite pools are characterised by distinct areas of accretion, defined by their position relative to 
the inflowing groundwater and proximity to the marine high-water mark (Perissinotto et al. 2014). The 
middle, or ‘barrage’ (Forbes et al. 2010), pool (0.3-0.7 m depth) supports the bulk of the stromatolite 
biomass (Rishworth et al. 2016c) and undergoes regular shifts between marine and freshwater conditions 
(Rishworth et al. 2016b; Rishworth et al. 2017b). Associated sample collections were confined to this 
middle region, rather than in the upper (landwards) or lower (seawards) pools, which support minimal 
stromatolite growth. Allochthonous sample collections were also taken from the inflowing stream source 
and adjacent marine environments. 
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6.2.2. Sample collections 
Samples were collected during August 2015 at each of the three sites. To assess basic pool conditions, 
physico-chemical, nutrient and microalgal biomass/composition parameters were measured in the barrage 
pool. Nutrient conditions were also recorded from water in the inlet stream and adjacent marine 
environment. Measurements included: temperature, salinity, turbidity, dissolved oxygen and pH using a 
YSI 6600-V2 multiprobe (YSI, Yellow Springs, USA); benthic and pelagic microalgal biomass 
(chlorophyll-a) after extraction in 90% acetone and recorded on a Turner 10-AU narrow-band system 
(Turner Designs, Sunnyvale, USA); in situ benthic microalgal composition using a BenthoTorch (bbe 
Moldaenke GmbH, Schwentinental, Germany); and dissolved inorganic nitrogen (DIN) and phosphorus 
(DIP). Collection methods and laboratory processing procedures for these parameters are presented 
elsewhere in detail (Rishworth et al. 2016b; Rishworth et al. 2016c). 
The following components of the stromatolite community at each site were collected for subsequent 
carbon and nitrogen SI analysis. Suspended, particulate organic matter (POM) was extracted from the inlet 
stream, the middle barrage pool and the adjacent ocean by filtering approximately 2 L of water from each 
source over pre-combusted (450 °C, 5 h) Whatman glass-fibre filters (GF/F; 1 μm). Sediment was 
collected from benthic grabs at each barrage pool and inlet stream, removing obvious shell fragments, 
macrofauna, or plant matter. Additionally, stromatolite sediment was collected from cores after removing 
the upper 1.5 cm of the matrix, which contains the actively accreting component (Rishworth et al. 2016c). 
Decaying plant matter (detritus) was hand-collected from the inlet stream. Living macrophytes, grouped 
according to grasses (monocotyledons) and forbs (dicotyledons), were cut from vegetation associated with 
each barrage pool and inlet stream. Living macroalgae were hand-collected from the nearby ocean and 
barrage pool. Microalgae were differentiated according to those forming the stromatolite material, 
collected by scraping the upper 1-2 mm of the stromatolite matrix (Smith et al. 2011), and those at the 
periphery, scraped off from rocks within the stromatolite pools. 
Cores of stromatolite material were excised using a stainless steel corer and rubber mallet (Rishworth et al. 
2016a) to obtain invertebrate infauna. Epifauna were collected from scrapes of rocks within the barrage 
pools and using a 1 mm sweep net. Zooplankton was collected by straining at least 100 L of pool water 
over a 100 μm sieve. Large brachyurans were hand-collected and fishes were caught using sweep nets or 
small, baited hooks. All faunal samples were cooled rapidly to below zero and stored frozen before 
laboratory processing. Ethical clearance for these collections was granted by the Research Ethics 
Committee (Animal) at the Nelson Mandela Metropolitan University (Reference: A15-SCI-ZOO-011). 
6.2.3. Sample processing 
Tracing organic carbon flow through a food-web requires the removal of the inorganic carbon component 
(Jacob et al. 2005; Schlacher & Connolly 2014). This is typically achieved by excising and analysing 
tissue that contains inconsequent amounts of inorganic carbon (such as muscle tissue), removing the 
structure that has a high amount of inorganic carbon (such as bone or shell), or chemically 
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reacting/dissolving the inorganic carbon through acid treatment. As the latter can have undesirable 
consequences on nitrogen SI ratios (Schlacher & Connolly 2014), duplicate samples of each component 
were analysed for acidified versus non-acidified treatments. 
Filters containing POM were first oven-dried (at 60 °C for at least 48 h, the standard procedure for all 
components in this study) and to one set of duplicate filters, 0.25 N HCl was added dropwise until 
effervescence had ceased (Mateo et al. 2008) and thereafter dried as before. Filters were stored in sterilised 
aluminium foil prior to SI analysis. Sediment was oven-dried before being homogenised to a fine powder 
with a granite pestle and mortar. Half of each sediment sample was placed in clean 20 ml glass scintillation 
vials and 1 N HCl was added dropwise until effervescence had ceased (Komada et al. 2008; Schlacher & 
Connolly 2014). Acid treatment of samples containing a high proportion of inorganic calcium carbonate, 
as is the case for stromatolite material, reacts to create hygroscopic calcium chloride crystals. This 
interferes with the grinding and crushing process and can affect the SI measurement instrumentation 
deleteriously (Komada et al. 2008). To overcome this hindrance, distilled water (triple the volume of the 
sediment) was added to each sample and then centrifuged, to minimise loss of the sample particles, at 
2000xg for five minutes. This was repeated three times and the sample was then oven-dried and ground as 
before. Sediment samples were stored in sterilised 2 ml polypropylene vials prior to SI analysis. Detritus, 
macrophytes, macroalgae and microalgae were rinsed with distilled water and any epibiont or sediment 
contaminants removed before oven-drying. These were ground to a fine powder and 3-5 replicate sub-
samples (1.0 ± 0.05 mg each) placed in sterilised tin capsules (5 x 9 mm; SÄNTIS Analytical AG, 
Switzerland) prior to SI analysis. Duplicate quantities of these samples were acidified and rinsed, as for the 
sediment samples, before weighing into tin capsules.  
Infauna and epifauna were sorted under a dissection microscope according to dominant species or taxa 
identified from the stromatolite ecosystems (Perissinotto et al. 2014; Rishworth et al. 2016a), before 
drying separately. The shells of gastropods were removed and discarded, while muscle tissue from fishes, 
brachyurans and penaeid shrimps was excised, prior to drying. Tissue with a high lipid-content can skew 
the meaningful carbon isotope ratio of animals (Logan et al. 2008; Mateo et al. 2008). As such, the lipids 
from invertebrates dried whole were extracted following Logan et al. (2008). A replicate half of powdered 
samples from organisms that contain a chitonous exoskeleton (e.g. amphipods and isopods) were acidified 
drop-wise with 0.25 N HCl until effervescence ceased (Jacob et al. 2005; Mateo et al. 2008). After drying, 
all samples were powdered and weighed (0.5 ± 0.05 mg) into 3-5 replicate tin capsules. Samples with 
insufficient weight for SI analysis were pooled from multiple organisms of the same species or taxonomic 
group. 
6.2.4. SI analyses 
All samples were processed at iThemba Laboratories (Pretoria, South Africa) on a Flash HT Plus 
elemental analyser, coupled to a Delta V Advantage isotope ratio mass spectrometer by a ConFloIV 
interface (all supplied by ThermoFisher, Bremen, Germany), to determine carbon (
13
C and 
12
C) and 
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nitrogen (
15
N and 
14
N) concentrations and ratios. SI data are represented as the relative (‰) difference 
between samples and the international standard for C (Pee Dee Belemnite carbonate) and N (atmospheric 
N2):  
δX  =  (Rsample/Rstandard)/ Rstandard x 10
3
 
where X is 
13
C or 
15
N and R is the 
13
C:
12
C or 
15
N:
14
N ratio. SI values were corrected against a standard of 
known concentrations (Merck Gel), which was run after every 12 or 24 unknown samples. The 1σ 
precision of all standards (n = 62) was ± 0.10‰ and ± 0.08‰ for C and N, respectively. 
6.2.5. Data analysis 
Some quantities of sample material were insufficient for both acidified and non-acidified treatments, due to 
constraints related to the destructive nature of sample collection. This was especially apparent for the 
malacostracans (amphipods, isopods and tanaids). An acidification conversion relationship was therefore 
calculated using those samples that had sufficient material for both treatments (Supplementary Fig. S6.1). 
This well-fitted relationship (R
2
 = 0.889 to 0.982) was then used to determine the decarbonated δ
13
C value 
for non-acidified samples (sensu Bonn & Rounds 2010).  
All data were analysed in R (R Core Team 2016) using the ‘nlme’, ‘SIBER’ and ‘MixSIAR’ packages 
(Jackson et al. 2011; Stock & Semmens 2013; Pinheiro et al. 2016). Sources and consumers collected were 
assigned to relative trophic guilds based upon known life-history characteristics. The isotopic niche space 
of these guilds were compared between sites using Bayesian ellipses (Jackson et al. 2011), as well as niche 
community metrics such as the total area (TA) of the convex hull encompassed by all isotope values 
(Layman et al. 2007).  Specifically, the standard ellipse area (SEA) and its corrected value (SEAc) were 
calculated for each trophic guild. The SEAc is a robust measure of community structure, resistant to 
sample size limitations (Jackson et al. 2011). To assess the variability amongst organic matter source 
signatures within the stromatolite pools, the δ
13
C signatures were compared using a linear mixed-effects 
modelling (LMM) approach (Zuur et al. 2009). This assessed the optimal residual variability for potential 
random effects (nominal variables: sampling sites and organic matter sources) before testing the 
significance of site and organic matter sources as fixed effects for the response variable, δ
13
C (Zuur et al. 
2009; Zuur et al. 2010). Similarly, the relative difference between infaunal and epifaunal consumers in 
terms of δ
13
C was assessed using an LMM, testing for site, location (epifauna or infauna), and taxonomic 
groups as possible random effects, with location being the fixed effect. Normality of residuals and 
homogeneity of variance across all fixed effects were assessed for LMMs to meet model assumptions 
(Zuur et al. 2009).  
Knowledge of SI concentrations within consumers relative to food sources have allowed ecologists for just 
over a decade to mathematically establish diet composition due to known pathways of trophic fractionation 
within food-webs (Phillips 2001; Phillips & Gregg 2003). Termed ‘mixing models’, rapid recent 
development in both sophistication and application (Layman et al. 2012) has led to statistical tools that can 
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assign diet composition with greater certainty while accounting for variability associated with food sources 
and availability, trophic fractionation, and nutrient composition, amongst others (Phillips et al. 2014). 
Seminal statistical tools for mixing models, including IsoSource (Phillips 2001; Phillips & Gregg 2003), 
MixSIR (Moore & Semmens 2008), and SIAR (Parnell et al. 2010), have since been compiled in a 
collaborative, centralised, freely available and powerful software package, MixSIAR, which uses Bayesian 
statistics (Stock & Semmens 2013). One of the critical advantages of this is that it accounts for uncertainty 
and prior information in source partitioning (Moore & Semmens 2008; Ward et al. 2010). This software 
was used here to determine diet composition of the dominant stromatolite infauna and epifauna, as well as 
the higher-level predators and scavengers.  
Organic matter sources were selected from those that are ecologically relevant to the consumer species. All 
sources that were statistically indistinguishable in terms of SI composition, and which were ecologically 
similar, were combined a priori (Phillips et al. 2005). For consumers with many potential sources, 
particularly omnivores, individual sources were aggregated a posteriori into ecologically-relevant 
groupings by summing the posterior distribution probabilities (Phillips et al. 2005; Phillips et al. 2014). 
Additionally for omnivores, the variability amongst sources in terms of C and N concentrations (for plants 
or algae compared to animal material) was accounted for using a source concentration structure specified 
in the mixing model (Phillips & Koch 2002). Substantial uncertainty in SI analyses relates to the dietary 
assimilation or fractionation of isotopes from sources to consumers (Phillips et al. 2014). As MixSIAR can 
account for some degree of this within a residual error term (Parnell et al. 2010; Stock & Semmens 2013), 
a conservative estimate of trophic fractionation for δ
13
C and δ
15
N was specified (1.0 ± 0.25 and 2.0 ± 
0.5‰, respectively), based upon published recommendations (Vander Zanden & Rasmussen 2001; Post 
2002) and site-specific knowledge of baseline organic matter sources relative to primary consumers (Caut 
et al. 2009) obtained during this study. Diet composition was assessed as the posterior probability 
distributions of the various food sources. Taxonomic group (random effect: primary consumers; fixed 
effect: brachyurans; not included for shrimps or fish as only single species were assessed) was nested 
within sampling site (random effect for all models) as a hierarchical structure (Semmens et al. 2009). 
Data are presented as mean ± SD, unless otherwise indicated, and an a priori significance level of α = 0.05 
was specified. 
6.3. Results 
6.3.1. Physico-chemistry 
Water within the barrage pool was stratified between benthic and surface layers, reflecting higher salinity 
and temperature in deeper water (Table 6.1). Cape Recife (site A) had noticeably lower nutrient 
concentrations, particularly for DIN, compared to the other sites, with all showing a decreasing trend from 
inlet seepage water to the ocean (Table 6.1). Benthic biomass was up to three orders of magnitude greater 
than pelagic biomass, with stromatolite benthic microalgae being comprised of cyanobacteria and diatoms 
in approximately equal proportions (Table 6.1). 
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Table 6.1 Summary of physico-chemical properties for surface and benthic barrage pool water measured at the 
three stromatolite sites during August 2015. Also indicated are nutrient concentrations for source (inlet and 
ocean) and pool water as well as benthic and pelagic microalgal biomass within each barrage pool (± SD), with 
the latter also reflecting proportional contributions by cyanobacteria, chlorophytes and diatoms. Nutrient data 
were taken from Rishworth et al. (2017b). 
Winter 
Temp 
(°C) Sal 
Turb 
(NTU) 
DO 
(mg.l
-1
) pH 
 
DIN (μM) 
I; P; O 
DIP (μM) 
I; P; O 
Pelagic 
chl-a 
(mg.m
-3
) 
Benthic chl-a 
(mg.m
-2
) 
Cy;Ch;Di (%) 
A Surface 17.3 1.4 0 12.5 8.6  82; 71; 9 0.0; 0.0; 0.2 4.0 ± 0.2 
517.4 ± 64.5 
  Bottom 17.0 1.6 0 11.0 8.3  
54; 0; 46 
B Surface 14.9 1.2 0 10.7 8.9  424; 289; 14 0.0; 0.0; 0.0 1.2 ± 0.1 
576.9 ± 81.3 
  Bottom 16.1 4.9 0 11.2 8.8  
51; 0; 49 
C Surface 17.0 1.4 0 8.9 7.7  462; 321; 9 0.1; 0.4; 0.2 2.2 ± 0.3 
1442.9 ± 171.3 
  Bottom 18.8 21.6 0 6.1 7.9  
47; 0; 53 
Temp (Temperature); Sal (Salinity); Turb (Turbidity); DO (Dissolved Oxygen); DIN (Dissolved Inorganic Nitrogen); DIP (Dissolved Inorganic 
Phosphorus); I (Inlet); P (Pool); O (Ocean); Cy (Cyanophyta); Ch (Chlorophyta); Di (Bacillariophyta, mostly Diatoms) 
 
6.3.2. Food-web structure 
There was a clear pattern of overall enrichment in the heavier N isotope between the three sites, with δ
15
N 
values (excluding inlet terrestrial and marine samples) ranging from 4.4 to 11.4, 5.4 to 13.4, and 6.7 to 
14.9‰, for Cape Recife, Schoenmakerskop and Seaview, respectively (Fig. 6.1). δ
13
C signatures for these 
same stromatolite pool samples ranged from -12.7 to -24.5‰, with little evidence for any differences 
between sites, although Cape Recife samples generally had lower mean δ
13
C values (-24.5 ± 4.1‰) than 
both Schoenmakerskop and Seaview (-20.9 ± 4.0 and -20.5 ± 2.5‰, respectively).  
Terrestrial organic matter sources, apart from at Cape Recife, had lower δ
13
C signatures (mean: -25.1 ± 
5.6‰; range: -13.3 to -31.5‰) than the fauna and flora in the stromatolite pools (Fig. 6.1). Additionally, 
marine organic matter sources were more enriched in the heavier 
13
C isotope (mean δ
13
C: -19.8 ± 4.0‰) 
compared to terrestrial sources. 
 
Marine POM was more enriched in 
15
N than most other samples collected 
and marine macroalgae were on the upper range of δ
13
C values recorded (Fig. 6.1). This suggests that the 
stromatolite food-web is largely supported by autochthonous organic matter sources, as consumer 
organisms and organic matter sources within the stromatolite pools (green circles and squares in Fig. 6.1) 
generally appeared closely associated with each other compared to other marine and terrestrial inlet 
components. 
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Figure 6.1 Mean (± SD) carbon and nitrogen stable isotope (‰) biplot of all measured components at the three 
sites along the South African coastline during August 2015. Epifaunal and infaunal samples are combined for 
respective species. Chironomid samples across the three sites were combined during processing to achieve a 
single, multi-site value. 
 
In terms of trophic levels, there was a clear separation between predators or scavengers compared to 
grazers or collectors (Fig. 6.1), with the mean δ
15
N difference between these two levels across sites being 
3.6 ± 0.3‰. Although there was some overlap between consumers and pool organic matter sources (Fig. 
6.1), a consistent distinction between the two was also evident, with grazers and collectors being 1.1 ± 
0.5‰ more enriched in the heavier 
15
N isotope than organic matter sources. At the top of the stromatolite 
pool food chain were the gobiids (Coryogalops sordidus), closely followed by the shrimps, Palaemon 
peringueyi (Fig. 6.1). The two brachyuran crabs (Potomonautes perlatus and Cyclograpsus punctatus) 
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were similarly near the apex of the food-web, with P. perlatus having a lower δ
13
C signature than C. 
punctatus (-22.7 ± 2.2 versus -18.2 ± 3.9‰, respectively; Fig. 6.1). Also within the predator/scavenger 
guild, but only found at Cape Recife and Seaview, were the isopods Cyathura estuaria and Ectias angusta, 
respectively (Fig. 6.1). The dominant grazers/collectors were Orchestia rectipalma and Melita zeylanica 
(Amphipoda), Sinelobus sp. (Tanaidacea), and Composetia cf keiskama (Polychaeta), all clustering around 
-23.2 ± 3.5‰ δ
13
C (Fig. 6.1). Other groups within this feeding guild were chironomid larvae, 
Americorophium triaenonyx (Amphipoda), Pseudosphaeroma barnardi (Isopoda), Assiminea cf capensis 
(Gastropoda), and zooplankton (Fig. 6.1), but these were not consistent or abundant components across all 
sites. Of these, P. barnardi was most closely associated with the dominant grazers/collectors in terms of 
δ
13
C (mean: -24.7 ± 1.4‰), while the gastropods were most dissimilar (-14.1‰). 
Isotopic niche space differed according to sampling sites, with Cape Recife reflecting the most and 
Schoenmakerskop the least variation amongst all samples collected (Table 6.2). Comparing amongst 
trophic guilds, organic matter sources that supported the stromatolite food chain occupied the widest 
isotopic niche space, reflecting approximately equal SEAc values amongst sites (Table 6.2). Grazers and 
collectors, as well as predators and scavengers, had similar isotopic niche widths. However, in general the 
grazer/collector guild was marginally broader, apart from at Schoenmakerskop (Table 6.2) where all four 
predator/scavenger species reflected unique isotope signatures, particularly for δ
13
C (Fig. 6.1), and 
therefore occupied a wide isotope niche space (SEAc = 18.1). 
 
Table 6.2 Summary of the Bayesian isotope niche metrics for the trophic guilds at the three stromatolite sites 
along the South African coastline during August 2015. The mode Standard Ellipse Area (SEA) is shown with 
associated 50% and 95% quantile distributions. The corrected SEA (SEAc), which reflects the mean SEA after 
accounting for small sample sizes, for each trophic guild and the mode total area of the convex hull (TA) 
encompassed by all isotope data points at each site are also presented. 
    Standard Ellipse Area (‰2) 
SEAc Site Trophic guild Mode 50% 95% 
A Organic matter source 32.4 26.8 – 39.0 17.2 – 57.2 42.0 
  Grazer/collector 4.4 3.5 – 5.5 2.2 – 9.2 5.8 
  Predator/scavenger 3.8 2.8 – 5.0 1.1 – 9.4 5.1 
  Overall TA 7.4 6.6 – 8.5 4.6 – 10.6 
 
B Organic matter source 21.8 18.4 – 26.4 12.4 – 38.2 45.7 
  Grazer/collector 5.1 4.2 – 6.4 2.8 – 9.5 9.3 
  Predator/scavenger 18.4 13.1 – 24.7 4.7 – 50.8 18.1 
  Overall TA 1.5 0.7 – 2.3 -0.2 – 3.9 
 
C Organic matter source 29.6 25.3 – 37.0 17.4 – 53.1 43.1 
  Grazer/collector 9.0 7.4 – 11.4 5.0 – 17.9 9.3 
  Predator/scavenger 5.7 4.3 – 7.3 2.1 – 13.2 6.6 
  Overall TA 3.2 2.7 – 3.9 1.5 – 5.2 
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6.3.3. Source and consumer comparisons 
Organic matter sources within the stromatolite pools reflected a significant distinction between sediment, 
particulate and algal organic matter (Table 6.3). Stromatolite microalgae, as well as the microalgae 
growing within the pools but not forming stromatolite material, were both similar in terms of δ
13
C (p = 
0.78; Table 6.3). The mean δ
13
C signature for pool macroalgae were substantially less enriched in the 
heavier 
13
C isotope compared to both microalgal groups (Table 6.3), this being particularly evident at Cape 
Recife and Schoenmakerskop, but not Seaview (Fig. 6.1). Particulate and benthic sediment organic matter 
were indistinguishable within the stromatolite pools (Table 6.3), as was also the case for these sources 
from the freshwater inlet (Fig. 6.1). The SOM within the stromatolite matrix was distinctly different in 
terms of δ
13
C to all other organic matter sources (Table 6.3), and also varied little between sites (Fig. 6.1). 
Similarly to the overall δ
13
C trend, pool organic matter sources were less enriched in the heavier 
13
C 
isotope at Cape Recife compared to the other two sites (Table 6.3). 
 
Table 6.3 Mean (± SD) δ13C across all three stromatolite sampling locations during August 2015 for the organic 
matter sources collected within the main stromatolite pools. Also shown are the results of a generalised least 
squares (GLS) analysis of δ13C, with the stromatolite pool organic matter sources and sampling sites as model 
predictor variables. Different variance structures (var) according to organic matter source accounted for within 
the GLS model, as well as the coefficient (C) and test significance of each predictor, are also indicated. 
  δ
13
C 
 
GLS model 
  Mean (± SD) ‰  
C (± SE) t P var 
Stromatolite microalgae -17.6 (± 1.4)  
* 
  
0.11 
Benthic SOM -20.4 (± 0.4)  
-2.5 (± 0.4) -5.9 < 0.001 0.00 
Pool macroalgae -25.3 (± 5.9)  
-8.0 (± 3.8) -2.1 0.06 1.00 
Pool microalgae -16.7 (± 3.9)  
0.6 (± 2.2) 0.3 0.78 0.59 
Pool POM -20.5 (± 0.8)  
-3.0 (± 0.5) -6.5 < 0.001 0.06 
Stromatolite SOM -24.0 (± 0.2)  
-6.6 (± 0.6) -11.8 < 0.001 0.10 
        
Cape Recife -22.3 (± 4.4)  
* 
   
Schoenmakerskop -19.8 (± 5.6)  
0.7 (± 0.4) 2.1 0.07 
 
Seaview -20.0 (± 2.6)  
-0.6 (± 0.0) > 100 < 0.001   
*'Stromatolite microalgae' and 'Cape Recife' are the reference values used in the GLS analysis 
SOM (sediment organic matter); POM (particulate organic matter) 
 
There was no clear distinction between the δ
13
C of invertebrate infauna and epifauna (Fig. 6.2), although, 
on average, epifaunal samples were more enriched in the heavier 
13
C isotope than infaunal samples (mean: 
-22.7 ± 3.4 versus -24.2 ± 3.3‰, respectively). This difference was most noticeable at Seaview, with the 
other two sites reflecting unclear mixed signatures overall (Fig. 6.2). For those taxonomic groups found 
consistently within both the infauna and epifauna, namely the amphipods and isopods (n = 22 samples), the 
difference in terms of δ
13
C, when accounting for site-specific variability as a random intercept in the LMM 
model, was marginally non-significant (infauna respective to epifauna: C = -1.7 ± 1.0 SE; t = -1.6; p = 
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0.12). If the samples from Cape Recife were omitted from analysis, justified by the different C isotope 
profiles in terms of terrestrial inputs (Fig. 6.1) and pool organic matter sources (Table 6.2) between sites, 
then there was a significant difference between infauna and epifauna (n = 16 samples) for δ
13
C (infauna 
respective to epifauna: C = -2.5 ± 1.2 SE; t = -2.2; p < 0.05). 
 
Figure 6.2 Frequency histogram of the δ13C signatures of all malacostracan and polychaete grazers/collectors (n 
= 31 samples) within the main pools at Cape Recife (A), Schoenmakerskop (B), and Seaview (C). Organisms 
are differentiated according to whether they are found directly within the stromatolite material (infauna: green 
bars) or sampled from within the pool waters (epifauna: blue bars). 
6.3.4. Consumer diets 
Within the consumer guild of dominant macrofauna occupying the stromatolite pools, consisting of M. 
zeylanica, O. rectipalma (both amphipods), P. barnardi (isopod), Sinelobus sp. (tanaid) and Composetia cf 
keiskama (nereidid polychaete), macroalgae associated with these pools were the primary dietary 
component overall according to the mixing model results (Fig. 6.3; overall mean: 26 ± 15% SD, 
Supplementary Table S6.1). This was especially apparent at sites A and B, with the macrofaunal 
consumers at site C ingesting a higher relative proportion of inlet organic matter compared to pool 
macroalgae (Fig. 6.3). Nereidid polychaetes and M. zeylanica relied almost exclusively on pool 
macroalgae as a food source, while O. rectipalma and Sinelobus sp. had a generalist diet, but dominated by 
pool macroalgae and microalgae (Fig. 6.3). The isopod, P. barnardi, fed on a comparable amount of SOM 
and POM from inlet and stromatolite sources compared to pool macroalgae (Fig. 6.3), thereby accounting 
for the higher overall contribution of inlet sources to macrofaunal diet at site C mentioned previously. As 
for the frequency distribution of δ
13
C signatures (Fig. 6.2), there was no clear dietary distinction between 
infauna and epifauna food sources, with the most noticeable being O. rectipalma epifauna, which had a 
more exclusive diet on pool macroalgae compared to the generalist diet of infauna (Fig. 6.3). Overall, 
stromatolite-specific sources had a minimal contribution to the diets of all species, with stromatolite SOM 
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reflecting a higher proportion in consumer isotopic signatures compared to stromatolite microalgae (Fig. 
6.3; Supplementary Table S6.1). Similarly, marine sources (macroalgae and POM) were largely absent 
from consumer diets (Fig. 6.3; overall mean: 11 ± 10% SD and 7 ± 7% SD, respectively; Supplementary 
Table S6.1). 
 
Figure 6.3 Relative proportion of organic matter sources (± SD) in the diets of dominant primary macrofaunal 
consumers, collected from stromatolite pools during August 2015. Diets were assessed using δ13C and δ15N  
isotopes as biotracers within a Bayesian mixing model, fitted using MixSIAR (Stock & Semmens 2013). 
Proportions are expressed according to sampling sites and species, which were nested as hierarchical random 
factors within the mixing model. Species are reflected as infauna (green) and epifauna (blue) depending on their 
association with the stromatolite matrix. SOM (sediment organic matter); POM (particulate organic matter) 
Organisms at the apex of the stromatolite pool food-web (Fig. 6.1) had generalist diets (Supplementary 
Table S6.1). Reflecting its ecology as a scavenger of animal material, the shrimp, P. peringueyi, favoured 
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fish sources (mean dietary contribution from gobiids: 26 ± 13% SD) and otherwise consumed 
approximately equal proportions of available invertebrates (chironomids, gastropods, malacostracans and 
polychaetes; Supplementary Table S6.1). The omnivores associated with stromatolite pools (gobiids and 
brachyurans) demonstrated a higher proportion of primary organic matter components within their diets 
(individual source posterior distributions combined a posteriori: Phillips et al. 2005) from the stromatolite 
pools themselves compared to inlet or marine sources (Supplementary Table S6.1). Otherwise, gobiids (C. 
sordidus) fed on invertebrate sources, particularly shrimps, malacostracans and polychaetes (~11-12%; 
Supplementary Table S6.1). Both brachyuran species reflected small relative quantities of invertebrate 
sources, the highest of which were chironomids and malacostracans (~10%; Supplementary Table S6.1). A 
greater proportion of inlet-associated material comprised the diet of P. perlatus compared to C. punctatus 
(95% quantile: 1–59% versus 2–32%; Supplementary Table S6.1). 
6.4. Discussion 
Stromatolites, which once dominated shallow oceans during the Precambrian (Seilacher 1999), are rare in 
modern coastal environments. This scarcity is attributed to the destructive impact of grazing and burrowing 
activities by multicellular organisms (Mata & Bottjer 2012), amongst other reasons. However, metazoans 
do coexist with extant stromatolites (Tarhan et al. 2013; Rishworth et al. 2016a), but little is known about 
the dynamics of this relationship. The results presented here therefore provide insight into how these 
unique structures might persist in modern peritidal environments, currently known from locations in South 
Africa, Western Australia and Northern Ireland. 
6.4.1. Grazing and stromatolite formation 
The most revealing result from this study is the lack of any meaningful signature of stromatolite material 
or microalgae within the diets of the dominant grazer community, including those dwelling directly within 
the stromatolite matrix (Fig. 6.3). Instead, most macrofaunal invertebrate taxa consume macroalgae as a 
primary resource. This has two important implications from a stromatolite persistence perspective. Firstly, 
and directly, the microalgae that construct the stromatolite material (Rishworth et al. 2016c) are not 
consumed or disrupted through grazing activities, which allows for the layered depositional and 
mineralization process to continue unabated (Reid et al. 2000; Dupraz et al. 2009) and thereby form 
stromatolites. Secondly, metazoan consumption of macroalgae associated with the stromatolite pools likely 
restricts macroalgal growth, thereby indirectly preventing the stromatolite microalgae from being 
outcompeted.  
Should these grazing effects (or lack thereof) be different, the possible implications could be predicted 
based upon other comparable ecosystems. Grazing metazoans would usually be expected to disrupt and 
graze upon microalgal mats (e.g. Kang et al. 2003). Metazoan-grazer exclusion from estuarine microbial 
mats results in layered deposits that resemble stromatolites (Fenchel 1998). Subsequent reintroduction of 
metazoans then causes these microbial mats to revert to their usual, homogenised state. It seems from the 
current study that there are not extensive grazing pressures on the stromatolite material, otherwise the 
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observed layering might be unexpected. Several hypotheses could explain why this might be the case. 
Although not quantified, pool macroalgae, which are dominated by Ulva spp. (Perissinotto et al. 2014), 
may be more nutritious or palatable to the grazing metazoans than stromatolite microalgae. Preference for 
macroalgal species by macroinvertebrate grazers, depending on nutrient content, chemical defences or 
digestibility, have been observed in other intertidal environments (Pennings et al. 2000; Duarte et al. 
2010), although not necessarily consistently amongst ecosystems depending on the available producer 
species and consumer requirements (Kang et al. 2003; Galván et al. 2008; Lévesque et al. 2015). 
Additionally, some authors have demonstrated the benefits provided to metazoans from microbialite 
habitats in terms of oxygen and predator refugia (Dinger et al. 2006; Gingras et al. 2011; Mobberley et al. 
2015). It therefore might be that selective forces are acting against destruction of the stromatolite matrix 
because of the direct micro-refugia benefit derived from this for metazoans, as outlined in Rishworth et al. 
(2016a). Further dietary experimental work might elucidate this algal choice more clearly. However, in 
either respect, it is apparent from this study (Fig. 6.3) that metazoans do not exert a distinct grazing 
pressure on the stromatolite microfabric, and neither do the metazoans bioturbate the matrix when 
burrowing (Rishworth et al. 2016a). This has important implications from an historical perspective because 
of the view that both of these forces contributed towards the demise of the microbialites (Walter & Heys 
1985; Riding 2006; Mata & Bottjer 2012). 
The second major implication regarding the effect of metazoan grazing on the macroalgae can be 
highlighted in a study of another microbialite system. Steneck et al. (1998) showed how microbialites 
forming within the intertidal zone in the Bahamas are replaced by several types of macroalgae in areas 
where these macroalgae are not restricted by disturbance pressures. Stromatolite microalgae, and 
microalgae in general, are resistant to many types of ecological disturbances (such as inundation, 
hypersalinity or extreme temperatures) which would otherwise limit the occurrence of other algal groups 
(Bowlin et al. 2012; Suosaari et al. 2016). It has been demonstrated at the South African stromatolite sites 
that frequent regime shifts in terms of salinity from freshwater to marine conditions, might be the driving 
force or pressure which excludes other organisms that would outcompete or disrupt the stromatolite 
microalgae (Rishworth et al. 2017b). In the stromatolite ecosystem of Shark Bay, Australia, hypersaline 
conditions are necessary to prevent the establishment of macroalgal taxa which would replace the 
stromatolite microalgae (Suosaari et al. 2016). Results from the current study expand on this to suggest 
that metazoans may further contribute towards restricting the competitive advantage of macroalgae. 
Indeed, recent work at these sites indicates that there is an inverse correlation between metazoan 
abundance and macroalgal biomass (Chapter 5), which supports the grazing hypothesis presented here. 
6.4.2. The stromatolite food-web 
Like estuaries, stromatolite pools receive resource inputs from both marine and freshwater material. 
Delineating the various contributions from these sources to consumer diets can be challenging, especially 
if the SI signatures of organic matter between allochthonous and autochthonous (in this case, the 
stromatolite pools) inputs are not distinct (Dias et al. 2016). In this study, a trend of enriched δ
13
C values 
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was observed in marine compared to freshwater sources. This pattern is similarly well-established in 
estuaries (Fry 2002). Pool organic matter sources were also consistently distinct between sampling sites, 
with stromatolite microalgae and SOM comparatively different to other autochthonous sources. These 
apparent distinctions allowed for a good identification of food sources in consumer diets, particularly at the 
primary consumer level. Across feeding guilds, autochthonous sources (pool macroalgae and microalgae, 
as well as sediment and particulate organic matter) were consistently the principal resource. Marine 
material (mostly macroalgae) was consumed in small quantities by macrofaunal invertebrates and also 
omnivorous gobiids and brachyurans, while terrestrial material was apparent in the diets of 
Pseudosphaeroma barnardi (isopod) and the two brachyurans. Expectedly, there was a greater proportion 
of inlet material in the SI signature of Potomonautes perlatus compared to Cyclograpsus punctatus, 
reflecting their known ecological preferences of freshwater versus intertidal habitats (Perissinotto et al. 
2014). These two brachyurans also reflected more plant and algal material in their diets compared to the 
other omnivore assessed, Coryogalops sordidus (gobiid), although the results for all predators and 
omnivores were more equivocal than for the primary consumers. 
Previous work suggests that the microalgal (Rishworth et al. 2016b; Rishworth et al. 2016c) and infaunal 
(Chapter 5) community occupying the stromatolite pools is driven by bottom-up processes, including 
nutrient dynamics and physical forces such as temperature and salinity (Rishworth et al. 2017b). These 
conclusions have been reached because of the high primary producer biomass within the pools (which, as 
demonstrated here, support much of the stromatolite food-web) and the driving influence of physico-
chemical characteristics. However, top-down forces in terms of grazing and predation are well-known 
from intertidal rocky shore habitats (as are those in which the stromatolite pools are found) (Menge 2000). 
Therefore, it might be expected that such processes would be observed in the stromatolite pools. Indeed, as 
mentioned previously (see ‘6.4.1. Grazing and stromatolite formation’), top-down control of macroalgal 
biomass by invertebrate grazers may contribute towards explaining why the benthic microalgae in 
stromatolite pools are not competitively replaced by macroalgae. Additionally, top-down forces from 
predators might act to restrict the grazer biomass to a level at which it is not reliant on stromatolite 
microalgae as a food resource compared to pool macroalgae. The high proportion of macrofauna in 
predator/omnivore diets certainly suggests that this is an important food resource for organisms at the top 
of the food-web. In many intertidal habitats (Menge 2000; Fleeger et al. 2008), as well as some 
microbialite habitats where metazoans co-occur (Dinger et al. 2006), fish or other predators play an 
important role in terms of restricting grazer abundance. 
Although the relative positions of trophic levels within each site-specific food-web were similar, there was 
a clear pattern of δ
15
N enrichment between sampling locations from Cape Recife to Seaview. This site 
variability is likely a function of known differences between sites in terms of nutrient input, particularly 
DIN (Perissinotto et al. 2014; Rishworth et al. 2016c; Rishworth et al. 2017b). Anthropogenic sources of 
nitrogen (urban waste) are thought to account for the site-specific variability because of different levels of 
residential occupation (Rishworth et al. 2017b). These results therefore further validate the mechanism for 
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the site-specific gradient of DIN input, as anthropogenic pollution is a known, and well-documented, 
vector for δ
15
N enrichment (McClelland et al. 1997; Vander Zanden et al. 2005). Variability amongst 
consumer δ
15
N signatures can be used effectively to monitor nitrogen inputs into estuarine systems 
(Bannon & Roman 2008), and this study therefore provides the first baseline for these SI levels in South 
African stromatolite systems. Although additional nutrient inputs can affect overall trophic structure 
(Lemley et al. 2015), this has not been observed in the stromatolite systems yet, perhaps because the 
nutrient levels remain below a threshold which might change community composition (sensu Forbes et al. 
2010). 
6.4.3. Conclusions and future recommendations 
The results presented here further demonstrate that the peritidal stromatolites along the South African 
coastline form under an inter-linked balance of drivers and pressures. The surprising occurrence of 
metazoans together with lithifying microbial mats appears to be due to the exclusion of most typical and 
potentially-destructive intertidal organisms that cannot tolerate the frequent salinity regime shifts 
(Rishworth et al. 2017b) as well as the microrefugia benefit derived from the stromatolite matrix by the 
metazoans (Rishworth et al. 2016a). These patterns of marine-freshwater cycles also affect the macroalgal 
community (Perissinotto et al. 2014), with biomass being further controlled by metazoan grazers (this 
study). Physico-chemical forces allow the stromatolites to thrive at these locations, such as the calcium 
carbonate input which is necessary during the microbial mineralisation process (Dupraz et al. 2009; Smith 
et al. 2011), and the optimal nutrient convergence conditions within the main barrage pool in terms of DIN 
and DIP (Rishworth et al. 2017b). This nutrient regime contributes towards the high benthic microalgal 
biomass that builds the stromatolites (Rishworth et al. 2016c), but does not support an abundant 
phytoplankton community because of the low water retention time within the pools (Rishworth et al. 
2016b).  
A balanced system such as this is likely consistent amongst modern microbialite ecosystems. For example, 
Garcia-Pichel et al. (2004) demonstrated that spherical stromatolites (oncolites) forming in the Rio 
Mesquites, México, are able to persist because of the balance between high calcium carbonate levels, that 
enable microbial accretion, and the slower rate of bioerosion by grazing gastropods. Additionally, 
predatory fish restrict metazoan grazer biomass (Dinger et al. 2006) and nutrient availability affects the 
calcification potential of the benthic microalgal community (Elser et al. 2005). Threats which may disrupt 
the balance of these ecosystems could place the rare stromatolite formations at risk. It is therefore 
unsurprising that some microbialites have been formally protected (Forbes et al. 2010; Suosaari et al. 
2016) or their protection advocated (Perissinotto et al. 2014), in terms of factors such as water 
requirements. 
While the results presented here are informative, several recommendations should be made for future 
work. Collections from additional seasons would determine whether consumer and source signatures are 
consistent. Although SI analysis is a measure of long-term dietary consumption (Peterson & Fry 1987; 
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Peterson 1999), the SI signature of short-lived species, such as invertebrates, may change depending on 
seasonal resource availability. Furthermore, mixing models will always generate a solution to consumer 
diet based on the sources provided (Phillips et al. 2014). While every effort was made to verify that only 
ecologically-relevant sources were included in mixing models in this study, stomach content dietary 
analyses would validate these decisions. For organisms at the apex of the stromatolite food-web, especially 
the mobile brachyurans which can move beyond the stromatolite pools, some sources may be missed 
during collections, particularly those of an ephemeral nature such as carcasses of marine organisms washed 
into the pools during storm surges. Future studies would benefit from quantification of these sources of 
uncertainty through dietary studies and repeated seasonal sampling in order to validate the observations 
presented here. 
 
6.5. Supplementary Material 
 
Figure S6.1 Linear relationships between malacostracan samples that had both acidified and non-acidified 
replicates. The fit of these relationships (R
2
) is also shown. Samples are separated by Pseudosphaeroma 
barnardi (with a more calcareous exoskeleton) and ‘other malacostracans’, which include Melita zeylanica, 
Orchestia rectipalma and Ectias angusta. 
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Table S6.1 Summary statistics of the relative dietary source proportional contributions for consumer groups 
(macroinvertebrates – see Fig. 6.3, gobiids, shrimps and brachyurans) sampled from three stromatolite locations 
during August 2015. Diets were assessed using δ13C and δ15N isotopes as biotracers within a Bayesian mixing 
model, fitted using MixSIAR (Stock & Semmens 2013). Macroinvertebrates were assessed with taxonomic 
groups nested as a random effect within site. All other consumer groups only included site as a random effect, 
with the two brachyuran species assessed independently as fixed effects. Data are presented as mean ± SD as 
well as the 50% (median) and 95% quantiles. 
Consumer Source Mean ± SD Median 95% quantile 
Macroinvertebrates  
- infauna and 
epifauna 
Inlet OM 15% ± 11% 12% 1% – 42% 
Ocean macroalgae 11% ± 10% 9% 0% – 36% 
Ocean POM 7% ± 7% 4% 0% – 27% 
Pool macroalgae 26% ± 15% 24% 3% – 58% 
Pool microalgae 11% ± 10% 8% 0% – 36% 
Pool OM 10% ± 10% 7% 0% – 36% 
Stromatolite microalgae 10% ± 10% 7% 0% – 37% 
Stromatolite SOM 11% ± 10% 8% 0% – 37% 
                  
Coryogalops 
sordidus 
- gobiid 
Chironomids 8% ± 8% 6% 0% – 28% 
Gastropods 8% ± 8% 6% 0% – 30% 
Malacostracans 11% ± 9% 8% 0% – 34% 
Marine primary sources 17% ± 11% 15% 2% – 43% 
Polychaetes 11% ± 9% 9% 1% – 35% 
Pool primary sources 34% ± 14% 33% 10% – 62% 
Shrimps 12% ± 9% 9% 1% – 35% 
                  
Palaemon 
peringueyi 
- shrimp 
Chironomids 21% ± 15% 19% 1% – 55% 
Gastropods 19% ± 12% 17% 1% – 45% 
Gobiids 26% ± 13% 27% 2% – 53% 
Malacostracans 16% ± 13% 13% 1% – 48% 
Polychaetes 18% ± 13% 16% 1% – 49% 
                  
Cyclograpsus 
punctatus 
- brachyuran 
Chironomids 10% ± 8% 9% 0% – 30% 
Inlet primary sources 12% ± 8% 11% 2% – 32% 
Gastropods 6% ± 6% 4% 0% – 21% 
Gobiids 6% ± 5% 4% 0% – 20% 
Malacostracans 8% ± 7% 6% 0% – 26% 
Marine primary sources 13% ± 8% 12% 2% – 33% 
Polychaetes 5% ± 5% 4% 0% – 20% 
Pool primary sources 31% ± 11% 30% 12% – 56% 
Shrimps 8% ± 6% 7% 0% – 24% 
                  
Potomonautes 
perlatus 
- brachyuran 
Chironomids 10% ± 12% 6% 0% – 44% 
Inlet primary sources 16% ± 16% 11% 1% – 59% 
Gastropods 4% ± 6% 2% 0% – 22% 
Gobiids 6% ± 7% 3% 0% – 25% 
Malacostracans 10% ± 11% 5% 0% – 42% 
Marine primary sources 14% ± 13% 9% 1% – 48% 
Polychaetes 5% ± 7% 2% 0% – 25% 
Pool primary sources 29% ± 17% 26% 6% – 69% 
Shrimps 7% ± 8% 4% 0% – 29% 
- Chironomid sources were taken as a combined δ13C and δ15N signatures across sites, while gastropods were 
only collected from stromatolite pools at Schoenmakerskop, but their signature was approximated for all 
gastropods across sites.  
- For omnivorous species (gobiids and brachyurans), primary sources were aggregated a posteriori from 
Bayesian mixing model posterior distributions. Inlet primary sources – detritus and inlet OM; Marine 
primary sources – ocean macroalgae and ocean POM; Pool primary sources – pool macroalgae, pool 
microalgae, pool OM, stromatolite microalgae and stromatolite SOM. 
- SOM (sediment organic matter); POM (particulate organic matter); OM (organic matter as both SOM and 
POM) 
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CONCLUSION AND SYNTHESIS 
Extant stromatolites are relic ecosystems from those that once dominated most shallow oceans during the 
Precambrian (Seilacher 1999; Riding 2011). Several factors have together been hypothesised to have 
contributed towards their current scarcity (Walter & Heys 1985; Grotzinger 1990; Elser et al. 2006; Riding 
2006), making a review of the processes driving stromatolite persistence in modern environments an 
informative approach that serves to test these hypotheses. In this thesis, substantial progress has been 
achieved towards understanding one of only three known peritidal stromatolite systems (South Africa, 
Northern Ireland and Western Australia). Apart from the contribution made in terms of ecosystem 
processes that might have affected partially analogous stromatolites of the past, this thesis also introduces 
an ecological role for peritidal stromatolites within their surrounding environment. 
 
The peritidal stromatolite ecosystem 
The baseline physico-chemical conditions to which the South African stromatolites are exposed, presented 
in Chapter 1 (Rishworth et al. 2017b), provide an informative description of the factors that predict 
stromatolite formation at these locations. A common thread identified amongst extant microbialites, 
despite the debate surrounding metazoan disturbance not being the ultimate cause of modern stromatolite 
scarcity (Riding 2006; Mata & Bottjer 2012), is that the impact of metazoans is restricted in these 
ecosystems. This has been observed as either a complete or partial exclusion of destructive organisms, as 
well as competitive macroalgae, due to harsh conditions (Vasconcelos et al. 2006; Bowlin et al. 2012; 
Bouton et al. 2016; Suosaari et al. 2016), or a compensation of their impact through rapid stromatolite 
growth rates (Garcia-Pichel et al. 2004). The salinity results presented here suggest that the former process 
operates in the peritidal stromatolites of South Africa, with preliminary observations indicating likewise 
for those of Western Australia (Forbes et al. 2010) and Northern Ireland (Cooper et al. 2013). Regular and 
complete salinity state shifts between freshwater and marine conditions are unusual, even for estuaries 
(which instead experience a more gradual, shifting salinity gradient). These patterns restrict the suite of 
organisms that can occupy the stromatolite habitat, to only those that display a high resilience to salinity 
fluctuations (Van Diggelen & Montagna 2016). Furthermore, the salinity shifts likely control the biomass 
of the macroalgal community (Perissinotto et al. 2014) which would otherwise outcompete the 
stromatolite-forming microalgae.  
This thesis provides the first evidence for the importance of nutrient dynamics that occur at the marine-
freshwater convergence zone where the bulk of the stromatolite accretion forms (Chapter 1: Rishworth et 
al. 2017b). Local marine waters have low levels of available nitrogen, while groundwater seepage is 
restricted in terms of phosphorus (Johannes 1980; Burnett et al. 2001; Blomqvist et al. 2004). The peritidal 
stromatolite convergence zone benefits from both these sources that provide different nutrients, with the 
stresses related to salinity state shifts ensuring that other primary producer groups do not displace the more 
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resistant and resilient stromatolite-forming microalgae. Although this study reflected no observable inter-
site differences in terms of stromatolite formations, despite a clear gradient of nutrient input, others have 
highlighted the risk to stromatolites should nutrient concentrations exceed a threshold at which other 
competitive groups may thrive (Forbes et al. 2010). Furthermore, should this nutrient convergence not 
occur, especially from a marine input perspective (it provides the primary phosphorus source), an observed 
shift in the stromatolite microalgal community from cyanobacteria to diatoms could be predicted, which 
would consequently affect accretion rates (Elser et al. 2005). The South African stromatolites thrive in a 
wide range of nutrient input conditions, greater than those recorded for other peritidal tufas (Forbes et al. 
2010), not reflecting any appreciable shifts in community dominance structure. This is an important 
observation, especially given the current threat to many water sources in terms of eutrophication (Conley 
et al. 2009), and suggests some degree of nutrient pollution resilience within the stromatolite ecosystems. 
The results presented in Chapter 2 (Rishworth et al. 2016c) enhance this discussion, indicating that the 
benthic microalgae that construct the stromatolites are not significantly affected by nutrient input 
concentrations. Instead, changes associated with seasonal shifts in temperature and salinity state appear to 
drive the benthic microalgal community composition and biomass. This ties in well with the predicted 
influence of salinity fluctuations (Rishworth et al. 2017b) in terms of microalgal community composition 
of the pioneer and climax layering types (Smith et al. 2005). As presented in Chapter 3, the phytoplankton 
community occupying the stromatolite pools is, however, affected by nutrient input regimes, showing an 
inverse relationship to biomass (Rishworth et al. 2016b). This is instructive, especially when also 
considering the interplay between the benthic and pelagic microalgal groups, which interact competitively 
in most other aquatic ecosystems (Blumenshine et al. 1997; Menge et al. 1997; Perissinotto et al. 2002). 
Within the South African stromatolite pools, this competitive relationship is tilted favourably towards the 
stromatolite-forming benthic microalgae, which appear to significantly control phytoplankton biomass and 
size-class composition and are also several orders of magnitude greater in terms of overall biomass 
(Chapter 3: Rishworth et al. 2016b). Excess nutrients are reflected in the biomass of the benthic microalgal 
community (although salinity and temperature regimes are more important drivers, as mentioned 
previously) rather than in the pelagic phytoplankton. Preliminary, unpublished data not presented here 
suggests that macroalgal biomass associated with the South African stromatolite pools also responds 
positively to nutrient inputs, but, as discussed above, the salinity regime likely limits this community. An 
important factor that restricts the stromatolite phytoplankton’s ability to outcompete its benthic counterpart 
is due to the short retention time of inflowing water within the stromatolite pools that benefits sessile rather 
than suspended primary producers. If nutrients and water were allowed to accumulate, high phytoplankton 
biomass would be expected as for estuarine ecosystems (Statham 2012; Lemley et al. 2015). This would 
likely have a negative effect on the stromatolite accretion potential, shifting it away from its current 
benthic-driven state. 
While the primary producer community is clearly favoured towards benthic microalgal production, kept in 
check by extreme salinity shifts, these observations do not explain why the coexisting metazoans are not 
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hampering stromatolite formation in this peritidal zone. This apparent conundrum is introduced in Chapter 
4 (Rishworth et al. 2016a), which also reviews other examples of microbialite coexistence with metazoans. 
What it suggests is, rather than metazoan grazing and burrowing organisms restricting stromatolite 
layering, these might instead be benefiting from the stromatolite matrix in terms of micro-refugia, which 
selectively acts against the destruction of this habitat. These micro-refugia benefits are likely from the 
increased oxygen concentrations associated with the growing stromatolite surface (Gingras et al. 2011; 
Mobberley et al. 2015), the predator-avoidance refuge offered by the matrix (Dinger et al. 2006; Tarhan et 
al. 2013), or even the benefit in terms of a respite from the exposed conditions within the intertidal zone. 
Microbialites in Precambrian oceans displayed a similar enhanced level of oxygen within their accretion 
layer, and this is thought to have benefitted organisms that could move between this oxygen-rich refuge 
and the anoxic, but resource-rich, waters beyond (Gingras et al. 2011). While these selective forces may be 
acting against the destructive influence of burrowing organisms, which clearly co-occupy and tunnel 
directly within the stromatolite matrix (Chapter 4: Rishworth et al. 2016a), they provide no clues as to 
whether there is any grazing impact of the metazoans on the stromatolite material. 
In Chapter 5, the potential physico-chemical, nutrient and resource (food and habitat) drivers of the 
metazoan stromatolite infauna were assessed. Within a community that was consistently present, the 
results demonstrated that metazoans were responding to salinity patterns and resource abundance (in terms 
of the biomass of macroalgae and overall nutrient conditions). From a stromatolite formation perspective, 
none of the community parameters for metazoan species were significantly related to stromatolite 
microalgal biomass or composition, which suggests a minimal reliance on this resource. This is surprising, 
especially given the usual role of benthic microalgae as a food resource for invertebrates in other aquatic 
ecosystems (MacIntyre et al. 1996; Kang et al. 2003; Lévesque et al. 2015), but it does contribute towards 
explaining why stromatolites are able to form amongst metazoan grazers. The results presented in Chapter 
6 (Rishworth et al. 2017a) solidify this observation. There, δ
13
C and δ
15
N stable isotopes were used as 
food-web tracers to identify the dietary composition and trophic relationships (Peterson & Fry 1987; 
Phillips et al. 2014) of all community components occupying the South African stromatolite pools, 
especially those of the grazing consumers that might affect the stromatolite fabric. The results were clear in 
demonstrating the minimal component of stromatolite material (microalgae and sediment) in the diets of 
the dominant metazoan consumers and, instead, these grazers relied upon macroalgae associated with the 
pools as a food resource. This was clear even for those infaunal metazoans that directly occupy the 
stromatolite matrix and not just the pools themselves. The grazing impact by metazoans on the stromatolite 
algae, as suggested by the results of both Chapter 5 and 6, is therefore minimal. This is likely because of a 
possible greater palatability and nutrient content of pool macroalgae (e.g. Pennings et al. 2000; Duarte et 
al. 2010) or, similarly to the burrowing effect, a selective force against destruction of the stromatolite 
micro-refuge. Consumption of macroalgae by grazing metazoans contributes towards restricting biomass 
of this primary producer community, which might otherwise outcompete the stromatolite microalgae 
(Steneck et al. 1998), in addition to the restrictive force of salinity fluctuations discussed previously 
(Chapter 1: Rishworth et al. 2017b). Rather than negatively affecting stromatolite microalgae, grazing 
CONCLUSION AND SYNTHESIS 
GM RISHWORTH  105 
metazoans appear to provide an indirect benefit by restricting macroalgal biomass. Given the clear 
stromatolite layering at these sites, this result is expected. However, this study is the first to quantify and 
demonstrate this trophic relationship in any peritidal stromatolite ecosystem.  
As contextualised in the conclusion to Chapter 6 (Rishworth et al. 2017a), the suite of ecosystem 
investigations that comprise this thesis suggest a clear balance of forces which together serve to promote 
stromatolite formation at the South African peritidal locations. Physico-chemical conditions create both a 
suitable nutrient supp  ly for benthic microalgal growth and also restrict competitors and metazoans 
(Chapter 1: Rishworth et al. 2017b), while the benthic-dominated stromatolite ecosystem (Chapter 2: 
Rishworth et al. 2016c) is facilitated by water retention conditions that suppress the pelagic component 
(Chapter 3: Rishworth et al. 2016b). The surprising coexistence of metazoans with stromatolites suggests 
that selective forces act against bioturbation of this habitat (Chapter 4: Rishworth et al. 2016a), while the 
drivers of metazoan community dynamics indicate that physico-chemical conditions indeed restrict 
metazoan presence (Chapter 5). Perhaps most importantly, the metazoans do not rely on the stromatolite 
microalgae as a food resource, which would otherwise disrupt the layered accretion. Instead, metazoans 
predominantly graze upon macroalgae, which in turn facilitates the competitive advantage of the 
stromatolite microalgae in this ecosystem (Chapter 6: Rishworth et al. 2017a). This ecosystem-level 
understanding of the peritidal stromatolite habitat highlights the balance between all components towards 
promoting stromatolite persistence in modern environments that are not always necessarily conducive to 
their formation. As highlighted in Chapter 6 (Rishworth et al. 2017a), this balance between resources, 
physical conditions and the biological components, is observed in most modern microbialites (Garcia-
Pichel et al. 2004; Bowlin et al. 2012; Suosaari et al. 2016), although the nature of these vary amongst 
ecosystems. The implications of a disruption to this balance would therefore be detrimental to stromatolite 
preservation. 
 
Conservation implications and future directions 
Highlighted in other peritidal stromatolite ecosystems, maintenance of a groundwater seepage supply that 
fulfils the geochemical requirements that sustain stromatolite formation is crucial for their persistence 
(Forbes et al. 2010). This is particularly relevant for calcium carbonate (Forbes et al. 2010), especially 
because most modern ecosystems are limited by this inorganic component (Grotzinger 1990; Knoll et al. 
2016). While some observational evidence linked to groundwater source characteristics (Smith et al. 2011) 
and pool water geochemistry, particularly with regards to pH (Perissinotto et al. 2014), indicates that the 
water sustaining the pools is rich in calcium carbonate, no quantitative assessments have yet been 
undertaken. Such assessments would be particularly informative as part of a study that measures the 
inorganic calcium carbonate inflow amongst seeps sustaining variable levels of stromatolite accretion, 
including those that do not support stromatolites. This knowledge would assist in establishing a threshold, 
or ecological water requirements (EWRs, sensu Forbes et al. 2010), above which seepage geochemistry 
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should be maintained to sustain accretion by the South African stromatolites. Perhaps intuitively, these 
EWRs should also account for the maintenance of a constant water inflow, as observational evidence 
reflects the spent remnants of stromatolites along the South African coastline which no longer receive a 
groundwater supply. This threat is particularly pertinent in a water-scarce country such as South Africa, 
where practices of groundwater abstraction are prevalent for residential and agricultural purposes. 
Much focus directed towards extant stromatolites is for their role as partial analogues of those that existed 
in Precambrian waters (Riding 2011; Smith et al. 2011; Bosak et al. 2013). However, few studies have 
investigated the possible ecological role that the stromatolite systems themselves play in terms of the 
broader ecosystem. Forbes et al. (2010) suggested that should the nutrient load entering into the peritidal 
stromatolites of Western Australia exceed that currently measured, other primary producer communities 
might succeed and replace the tufa stromatolites. Informatively, the results presented in this thesis (Chapter 
1: Rishworth et al. 2017b) demonstrate nutrient levels within the stromatolite pools far in excess of those 
in Australia. Further to this, no appreciable differences were observed along the gradient of nutrient excess 
between sampling locations in terms of stromatolite-forming microalgae or metazoan communities, and 
neither were these communities replaced by other primary producer groups such as macroalgae. This is in 
contrast to the predictions made by Forbes et al. (2010), and suggests some degree of resilience to nutrient 
loads by the stromatolite community. From an ecological perspective, the peritidal stromatolites may be 
functioning as nutrient sinks, buffering the marine coastline from eutrophic effects. This is especially 
relevant when considering the potential harm caused by phytoplankton blooms along coastlines (Slomp & 
Van Cappellen 2004), which have received a nutrient injection through upwelling, river discharge or other 
sources. Results from Chapter 1 indicate that nutrient input from the freshwater seepage is decreased by up 
to an order of magnitude by the time it reaches the lower stromatolite pools before entering the ocean 
(Rishworth et al. 2017b). This is a substantial reduction, especially in terms of available nitrogen when 
considering that primary production in marine waters is often nitrogen-limited (Blomqvist et al. 2004). To 
thoroughly quantify the effects of increased nutrient loads, or the ecological role that stromatolite systems 
function within, future studies would benefit from quantitative nutrient enrichment experiments (sensu 
Elser et al. 2005). 
Finally, while the progress made in this thesis towards understanding the ecosystem dynamics of peritidal 
stromatolites has been instructive, several gaps in our knowledge remain and should be addressed in future 
studies:  
(1) Only three representative stromatolite locations were investigated during these analyses, of the 540 
known to exist along South Africa’s southern coastline (Perissinotto et al. 2014). Complementary to an 
assessment of the calcium carbonate dynamics proposed earlier, quantification of the biological 
community and basic physico-chemical as well as nutrient conditions would be valuable in terms of 
understanding the spatial changes linked with seepage conditions. This is especially relevant with regards 
to those factors that differ between seepages along the stretch of coastline, which either do or do not 
support stromatolite growth.  
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(2) In Chapters 4 and 5, some of the unique or interesting metazoan species known to co-occur with the 
peritidal stromatolites were highlighted, including an estuarine relic amphipod (Bolttsia minuta), the first 
record of a littoral centipede for southern Africa (Tuoba cf poseidonis) and what is likely a new species 
within the tanaid genus Sinelobus. The ecological role offered by the stromatolite ecosystems to these and 
other species of special interest should therefore be explored further by comparatively assessing the 
species composition of adjacent habitats, from published accounts and exploratory surveys, to those of the 
stromatolite ecosystem.  
(3) Similarities to estuarine systems are recognised in the peritidal stromatolite pools because of the 
salinity gradient established between the inflowing groundwater and marine convergence. As such, many 
of the biological components observed have an estuarine association, but more so, some species seem to 
queue towards the stromatolite pools as if they were estuarine outlets, as has been observed among some 
juvenile fishes (unpubl. data). Miranda et al. (2016) demonstrated how the stromatolite pools may be 
functioning as stepping stone habitats for an invasive polychaete species (Ficopomatus enigmaticus) that 
has an estuarine affinity. Not yet documented, the ecological role performed by the stromatolites in terms 
of habitat refugia for estuarine-dependent species with a marine stage of their ontogeny, would be 
interesting to investigate, particularly for juvenile fishes.  
(4) Although some preliminary work has been done to assess peritidal stromatolite accretion rates in South 
African systems (Smith et al. 2005), the micro-structure and mechanisms of microbial mineralisation are 
poorly understood compared to many other stromatolite ecosystems (Reid et al. 2000; Dupraz et al. 2009; 
Suosaari et al. 2016). A detailed investigation of how accretion rates differ according to spatial gradients 
of carbonate supply, as well as seasonally in terms of the microalgal communities comprising the different 
layering types, would be informative. Additionally, linking this to the microbial species that contribute to 
lamination patterns, especially between different mesofabric structures, would inform on whether the 
microbial communities are unique to the stromatolite ecosystems (Baumgartner et al. 2009) or rather an 
extension of those from adjacent habitats. A microbial assessment between peritidal stromatolite morpho-
types will also determine whether there are distinct taxa creating the different microbialite forms (e.g. 
stromatolites versus thrombolites: Myshrall et al. 2010) rather than other factors that might contribute to 
this, such as metazoan remodelling activities (Planavsky & Ginsburg 2009). 
(5) Lastly, while this thesis has focussed on those peritidal formations found along the South African 
coastline, briefly comparing these to similar structures located elsewhere globally (Forbes et al. 2010; 
Cooper et al. 2013), a meta-analysis of all known peritidal stromatolite formations would be useful. This 
should a priori select quantitative physical and biological metrics, based upon some of those recorded in 
this thesis, as well as calcium carbonate measurements. Although separate studies on all peritidal 
stromatolite ecosystems have commented upon the structuring force of frequent incursions of marine 
water, a formal comparative study would be able to make statements on peritidal stromatolite formation in 
general, thereby allowing for a more holistic comparison to similar structures which occurred in past 
ecosystems. 
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